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INTRODUCTION 

The  production,  transmission  and  distribution  of  electrical 
energy  on  a  large  scale  in  an  adequate  and  economical  manner 
is  an  engineering  task  of  the  first  magnitude.  Each  system 
has  its  specific  details  and  problems  the  solutions  of  which 
depend  largely  upon  local  conditions,  but  there  are  certain 
fundamental  engineering  and  economic  principles  that  apply  to 
all  systems. 

Different  men  may  have  charge  of  the  several  activities  of  a 
power  organization,  depending  upon  the  size  of  the  system,  but 
the  executive  head  of  the  utility  must  be  a  man  with  funda- 
mental knowledge  of  all  the  engineering  and  economic  aspects 
of  the  operations  in  order  that  he  may  make  decisions  intelligently. 

In  the  power  plant,  engineers  must  deal  with  problems  of 
design  and  construction  of  buildings,  the  installation  and  opera- 
tion of  machines  and  equipment,  the  records  of  operation  and 
the  internal  organization  and  operation  of  the  plant  for  efficiently 
utilizing  every  dollar  invested. 

The  transmission  of  the  energy  involves  a  whole  mass  of 
engineering  work  in  construction,  operation  and  organization. 
And  in  the  distribution  and  sale  of  the  energy  a  still  more  com- 
plex engineering  and  economic  problem  is  encountered.  Beyond 
all  these  elements  lies  the  realm  of  human  relationships  and  the 
obligations  inherent  in  public  utility  operations. 

Considered  as  separate  details,  energy  production,  transmission 
and  distribution  each  affords  opportunity  for  specialization  and 
study,  but  a  broader  perspective  of  the  field  leads  to  the  con- 
clusion that  all  the  detail  and  the  equipment  are  subordinated 
to  one  objective.  And  this  objective  is  to  produce,  transmit  and 
distribute  the  stream  of  electrical  energy  in  an  efficient  and 
economical  manner.  Thus  the  problem  for  the  executive  and 
the  engineer  is  a  problem  of  selection  of  existing  equipment  and 
its  assemblage  at  the  different  locations  along  the  energy  stream. 
Viewed  in  this  light,  an  attempt  is  made  in  the  following  pages 
to  outline  guiding  principles  as  exemplified  by  the  best  prac- 
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IJcH^H  nnd  opinions  of  lodiiy.  In  (Ik;  sUidy  it  will  b(!  shown 
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UHUital  kn()wl(Mlp;e  of  th(;  types  of  power  i)lant,  transmission  and 
distribution  (Hjui[)ment  as  ref!;ards  its  ojx'ratinp;  princii)l(;s  and 
(ionstriK^tion  details  and  thes(;  pages  a(!(!(uit  those;  (;l(!m(;nts  to 
be  (considered  in  utilizing  this  (Hiuipmcmt  to  the;  b(;st  advantage. 
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CIIAPTI]R  I 
POWER  IN  NATIONAL  LIFE 

The  United  States  stands  in  the  front  rank  of  the  nations  in 
point  of  material  accompHshment  and  social  well-being  and  this 
position  has  been  attained  very  largely  through  its  great  use  of 
power.  Conditions  in  this  country  support  the  statement  that 
the  prosperity  and  commercial  position  of  a  nation  can  be  meas- 
ured by  its  per  capita  use  of  power. 

In  a  few  years  the  electric  power  plant  has  become  the  accepted 
agency  for  the  production  of  power  on  a  wholesale  scale,  because 
electricity  possesses  tremendous  advantages  over  other  known 
energy  forms  and  these  advantages  can  be  economically  realized 
under  existing  conditions.  The  growth  of  the  electrical  system 
has  been  so  rapid  and  so  general  that  a  national  power  system 
lies  in  the  near  future.  In  such  a  system  a  network  of  trans- 
mission lines  and  large  power  stations  will  make  possible  reliable, 
abundant  and  cheap  power  in  all  localities  and  thus  react  on  the 
whole  economic  and  social  fabric  of  the  nation.  Even  now 
engineering  skill  and  equipment  can  bring  such  a  system  into 
existence,  but  there  are  political,  social  and  economic  questions 
that  offer  handicaps  to  its  immediate  realization. 

And  this  great  power  development  is  indeed  marvelous,  for 
only  a  few  years  have  been  passed  since  electricity  first  became 
available  as  a  power  source.  In  1882  Thomas  A.  Edison  installed 
the  Pearl  Street  central  station  and  supplied  a  few  customers 
with  direct  current  by  means  of  wires  placed  underground  in 
galvanized-iron  pipes  which  were  filled  with  an  insulating  com- 
pound. The  lamps  then  used  6.5  watts  per  candlepower  and  the 
generating  equipment  was  small  and  inefficient.  In  1888  there 
were  410  electrical  stations  in  this  country  and  70  per  cent  of 
these  furnished  service  at  night  only.  In  1886  the  first  alter- 
nating-current system  was  installed  at  Greensburg,  Pennsyl- 
vania, and  transformers  were  used  for  the  first  time, 
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Yet  in  1890  the  lamps  were  improved  so  they  used  3.1  watts 
per  candlepower;  the  Edison  three-wire  system  came  into  being 
with  its  saving  of  66  per  cent  in  copper  and  the  slow-speed  direct- 
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Fig.  1. — ^Gross  revenue  from  sale  of  electrical  energy. 

connected  engine  generator  became  a  commercial  prime  mover. 
In  1896  high-tension  transmission  lines  with  rotary  converter 
substations  were  first  used  and  the  number  of  electric  utilities 
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Fig.  2. — Energy  output  of  central  stations  by  states. 


grew  rapidly.  During  the  past  30  years  the  demand  for  electric 
power  has  been  so  great  that  the  output  of  the  stations  doubled 
about  every  6  years  and  all  present  indications  point  to  a  con- 
tinuation of  this  demand.     Figure  4  shows  the  rate  of  increase. 
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Present  Status  of  Power. — The  5,250  light  and  power  systems 
in  this  country,  with  a  generator  rating  of  27,000,000  kva., 
generated  in  1925  more  than  59,000,000,000  kw.-hr.  of  electrical 
energy  which  produced  a  gross  revenue  of  about  $1,500,000,000. 
This  production  compares  very  favorably  with  that  of  all  the 
other  nations  of  the  world,  as  is  indicated  by  the  figures  of  Table 
II.  In  addition,  over  250,000  manufacturing  establishments  in 
this  country  have  an  aggregate  installed  capacity  of  over  33,000,- 
000  hp.  in  prime  movers  which  very  largely  produce  electrical 
energy  for  factory  use.  In  this  connection  it  is  estimated  that 
the  central  stations  supply  about  58  per  cent  of  the  energy  used 
in  the  industrial  plants  and  mines. 

Table    I. — Per    Capita    Consumption    of    Electrical    Energy — 1924 

Kilowatt- 
hours 

Canada 878 

Switzerland 765 

Germany 705 

United  States 600 

Norway 520 

Sweden 400 

Great  Britain 180 

France 160 

Table  II. — World  Consumption  of  Electrical  Energy — 1924 

Kilowatt-hours 

United  States 65,800,000,000 

Germany 43,600,000,000 

Japan 10,000,000,000 

Canada 8,125,000,000 

Great  Britain 7,400,000,000 

France 6,400,000,000 

Italy 5,400,000,000 

Switzerland 2,900,000,000 

Sweden 2,340,000,000 

Norway 1,630,000,000 

The  electrical  systems  in  the  United  States  in  1925  supplied 
14,530,000  lighting  customers  in  residences,  2,800,000  commercial 
lighting  customers  and  over  620,000  power  customers  and  filled 
the  demand  for  power  by  all  kinds  of  industry,  including  manu- 
facturing, mining,  agriculture,  electro-chemical  and  transporta- 
tion.    And  with  over  $6,000,000,000  invested  in  power  stations, 
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Table  III.i^Load  and  Output  for  the  50  Largest  Light  and  Power 
Systems  in  the  United  States — 1926 


1 
(3) 

1925 

Company 
(2) 

Peak  load, 
kilowatts 
(instan- 
taneous) 

(4) 

Peak  load 
(estimated 
over  30- 

min. 

period), 

kilowatts 

(5) 

Date  of 
instan- 
taneous 
peak 

(6) 

Output  for 

year, 

kilowatt-hours 

(7) 

Average 

load  in 

kilowatts, 

1925 

(8) 

19 

20 

21 

23 

24 
25 

26 

27 
28 

29 
30 

437,016 
792,000 
642,907 

Dec.  26 
Dec.  23 
Dec.  21 
Nov.  4 
July  22 

Oct.  2 
Deo.  10 

Dec.  9 
Aug   14 
Dec.  16 

Dec.  15 

Oct.  22 
Jan.  12 
Dec.  22 

Dec.  17 

Dec.  22 

in).... 
Dec.  8 

Dec.  4 

Nov.  24 

Dec.  17 
Dec. 
Dec.  2 

Dec.  21 
Dec. 

Sept.  15 
Jan.  20 
Dec.  11 

Dec.  1 
Mar.  6 

3,161,130,010 
3,091,424,000 
2,262,620,409 
2,001,474,640 
1,987,661,654 

1,732,420,700 
1,521,639,979 

1,358,318,172 
1,234,052,127 
1,230,292,597 

1,200,506,087 

1,196,244,494 
1,187,872,330 
1,090,203,588 

989,409,700 

890,509,813 

872,402,171 
869  317,170 

849,064,272 

809,964,028 

783,019,562 
744,186,000 
742,601,203 

718,195,433 
707,995,258 

686,548,440 
681,696,046 
654,488,668 

648,078,358 
633,357,021 

Commonwealth  Edison  Company 

Edison-United  Companies,  New  York 
Pacific  Gas  and  Electric  Company 

809,000 
656,312 
380,084 
395,900 

390,100 
387,200 

367,048 
172,600 
271,200 

25S,623 
291,000 

251,375 

191,000 
203,904 

228,000 
112,343 
168,659 

353,000 
258,290 
228  479 

Southern  Cahfornia  Edison  Company. . 

226,902 

389,100 
361,600 

353,000 
168,900 
264,900 

197,800 

Philadelphia  Electric  Company  System 
Public  Service  Electric  and  Gas  Com- 

173,815 

Montana  Power  Company 

140  485 

Duquesne  Light  Company 

140  200 

North  American  Company  (Missouri, 

137,200 

Southeastern  Power  and  Light  Com- 

284,000 
297,705 
209,720 

247,000 

181,600 

172,000 
188,800 

136,520 

Southern  Power  Company . . . 

135  600 

Cleveland  Electric  Illuminating  Com- 
pany                . .    . 

113  000 

101  700 

Niagara,  Lockport  and  Ontario  Power 

99,700 

Buffalo  General  Electric  Company 

North  American  Company  (Wisconsin 

99,200 

Mohawk  Hudson  Power  Corporation 

171,100 
223,850 
160,200 
160,700 

Brooklyn  Edison  Company 

89  386 

Utah  Power  and  Light  Company 

Northern  States  Power  Company 

Consolidated  Gas  Electric  Light  and 

84,952 
84,800 

81,986 

130,403 

157,332 

155,000 

203,199 
122,950 

80,821 

155,890 
165,200 
142,300 

78,530 

New  England  Power  Company 

Tennessee  Electric  Power  Company. . . 
Ellison  Electric  Illuminating  Company 
of  Boston.. 

77,850 
74,713 

74 , 100 

Great  Western  Power  Company 

72,054 

Electrical  World.  Supplement,  Apr.  24.  1926. 
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Table  III.^ — Load  and  Output  for  the  50  Largest  Lkjht  and  Power 
Systems  in  the  United  States — 1926. — {Continued) 


i 
& 

(3) 

1925 

Company 

(2) 

Peak  load, 
kilowatts 
(instan- 
taneous) 

(4) 

Peak  load 

(estimated 

over  30- 

min. 

period), 

kilowatts 

(5) 

Date  of 

instan- 
taneous 
peak 

(6) 

Output  for 

year, 

kilowatt-hours 

(7) 

Average 

load  in 

kilowatts. 

f925 

(8) 

Puget  Sound  Power  and  Light  Com- 
pany  

Public  Service  Company  of  Northern 

31 

32 
33 
34 
35 

36 

37 

38 
39 
40 

41 
42 
43 
44 
45 

46 
47 

48 

49 
50 

131,468 
166,390 

130,000 

165,484 
145,000 
111,000 

Dec.  10 
Dec.  9 

632,626,358 

615,092,925 
562,408,247 
554,614,141 
522,063,648 

515,523,750 

513,962,900 

479,878,822 
435,441,973 
421,155,600 

417,368,862 
366,726,210 
364,574,445 
350,518,281 
341,630,292 

339,117,030 
3.36,956,523 
318,700,406 

317,772,280 
304,400,743 

72,000 
70,216 

Union  Gas  and  Electric  Company 

San  Joaquin  Light  and  Power  Corp. . . . 
Ohio  Public  Service  Company 

Washington  Water  Power  Company. . . 
Pennsylvania  Water  and  Power  Com- 

64,223 

111,890 
106,100 

107,030 

115,000 

109,860 
120,000 

July  16 
Dec.  2 

Oct.  30 

Nov.  13 

Dec.  16 
Dec.  2 
Dec.  18 

63,312 
59,600 

98,655 

110,100 

109,200 
109,000 
105,500 

94,000 
84,000 

58,849 
58,700 

Los  Angeles,   Bureau  of  Power  and 
Light                                          .... 

54,781 

Georgia  Railway  and  Power  Company. 
Portland  Electric  Power  Company. . . . 

Pennsylvania-Ohio  Power  and  Light 

49,700 
48,000 

100,000 
87,000 
75,484 
81,500 

84,765 

47,700 

Dec.  I 

Oct. 

Oct.  21 

Dec.  22 

Dec.  4 

41,800 

41,618 

79,400 

76,885 

71,000 
76,599 
81,000 

63,500 
79,440 

42,500 

39,000 

Kansas  City  Power  and  Light  Com- 

40,200 

North  West  Utilities  Company 

Potomac  Electric  Power  Company 

Turners  Falls  Power  and  Light  Com- 

38,465 

84,000 
71,800 

Dec.  16 

July  2 
Dec.  15 

36,380 
36,280 

Virginia  Electric  and  Power  Company 

34.749 

transmission  lines  and  distribution  systems,  the  central-station 
industry  has  become  the  fifth  in  national  importance  based  on 
capital  invested.  Some  of  the  individual  companies  have  an 
output  larger  than  the  total  energy  used  by  some  of  the  important 
nations  of  the  world,  as  will  be  seen  from  Tables  II  and  III, 
and  the  industry  requires  a  yearly  influx  of  capital  aggregating 
over  $1,000,000,000  in  order  to  care  for  the  increased  demands 
for  energy. 

Trend  in  Power  Development. — The  electrical  industry  was 
initiated  by  the  growth  of  large  stations  in  cities,  small  stations  in 
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towns  and  still  smaller  stations  in  manufacturing  plants.  Follow- 
ing this  period  came  a  concentration  of  power  production  into 
single  large  plants  and  an  expansion  of  the  transmission  and 
distribution  systems  over  large  territorial  areas.  Of  late  years 
the  trend  has  been  toward  a  still  greater  concentration  of  energy 
production  into  large  stations  and  an  interlinking  of  the  systems 
located  in  different  localities.     This  trend  is  along  the  line  of  the 


10,031,655  H p. 


3,221,000  Hp. 
(111%) 


Canc(ola-18,250,000Hp. 


UnHed5la+es-34,8I8,000Hp. 

m.OOOMp^^\j,490,00OHp.  ^'^^MfP.'IP-^ 

r^.^^o^y^p  f59.67o)  (<^l-l^ 

5w"i+zcrland-2,500,000  Hp.  France,  5,400,000  Hp. 


2,100,000  Hn 
■'  C38.9%) 


2,000,000  Hp. 
(S2.6%f 


1,416,000  Hp 
-  (14.9%) 


Haly -3,800,000  Hp 


Developed 


Norway-9,500,000Hp. 
I  I  Undeyeloped 


Dafa  onpoiep-fial  wafer patver^hotv  -fhe  power 
available  OOpercenioffhe  iime  ai  70 per  csnf  efficiency 

Fig.  3. — Status  of  water  power  development  in  several  nations. 

superpower  systems  proposed  by  W.  S.  Murray  and  Frank  Baum, 
and,  in  fact,  in  the  South,  on  the  Pacific  Coast  and  in  the  Middle 
West  great  superpower  systems  are  already  in  existence. 

There  are  many  reasons  for  the  trend  in  power  development, 
but  the  economics  of  the  business  is  the  deciding  element.  The 
investment  cost  per  unit  of  capacity  decreases  as  the  size  of  sta- 
tion increases;  hydro-electric  stations  and  carbo-electric  stations 
can  be  built,  located  and  used  most  economically  through  taking 
advantage  of  the  operations  possible  through  interconnection. 
A  disadvantage,  however,  is  the  increased  cost  of  transmission 
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Table  IV. — Budgets  for  Light  and  Power  Systems^ 


Year 


Total 
central- 
station 
construction 
budgets  for 
year 


Total 

expenditures 

for 

electric 

generating 

plants 


Total 
expenditures 

for 
transmission 

and 

distributing 

systems 


Per  cent 

of  total 

spent  on 

generating 

plants 


Per  cent 
of  total 
spent  on 
transmis- 
sion and 
distribu- 
tion sj^tetns 


1921 
1922 
1923 
1924 
1925 
1926 


$222,408,000 
32^,016,000 
602,143,000 
692,440,000 
636,350,000 
683,890,000 


$102,674,000l$119,734,000 


164,333,000 
283,813,000 
379,240,000 
280,950,000 
279,140,000 


159,683,000 
318,330,000 
313,200,000 
355,400,000 
404,750,000 


46.2 
50.8 
47.1 
54.8 
44.2 
40.8 


53.8 
49.2 
52.9 
45.2 
55.8 
59.2 


■  Electrical  World,  Jan.  2,  1926. 

systems.  Interconnection  permits  the  more  complete  utiliza- 
tion of  water  powers  and  watersheds  and  uses  the  diversity  in 
time  and  stream  flow  to  secure  economic  advantages.  Also  the 
load  which  may  be  carried  is  increased  because  there  is  diversity 
in  peak  loads  in  different  territories  because  of  time  or  other 
differences.  Less  reserve  system  capacity  is  needed  on  inter- 
connected systems  and  the  combinedoperationof  steam  and  water 
plants  is  rendered  more  economical.  Another  good  reason  is 
that  a  greater  utilization  of  the  investment  can  be  obtained  by 
providing  load  for  new  station  equipment  before  the  market  can 
absorb  it.  A  new  station  can  transmit  its  temporary  surplus 
power  to  another  system,  or,  as  industrial  conditions  change  in 
different  localities,  the  production  of  power  can  be  more  readily 
controlled.  But  this  change  has  come  about  gradually  in  order 
to  amortize  the  existing  investments. 

This  trend  toward  a  national  power  system  introduces  many 
problems  for  solution.  National  regulation  may  replace  state 
regulation;  national  policies,  laws,  financing  and  operation  will 
have  to  be  considered  and  instituted.  A  mammoth  task  confronts 
the  leaders  in  the  central-station  industry  and  it  is  startling  to 
vision  the  future  from  the  background  of  the  past  and  note  the 
very  rapid  growth  in  demand  and  changes  in  the  art  that  are 
now  occurring. 

Political  Status  of  the  Light  and  Power  Industry. — In  the  early 
days,   Hght  and   power  systems  were  installed  and  operated 
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through  private  enterprise,  but  through  years  of  development 
and  as  they  became  more  and  more  pubhc  necessities  a  gradual 
change  has  occurred.  Today  there  are  light  and  power  systems 
owned  and  operated  by  private  enterprise  but  regulated  by  the 
Federal  government;  others  of  the  same  type  are  regulated  by 

1^5 
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I  Consumed  -for  indusirial power 
[yT^Til  Consumed  by  eleciri'c  railways 
1        I  Losi'in  iransmjss'ion  and  used 
in  inir.-cowpciny  business 


1382  181 


Fig 


-No  saturation  is  indicated  in  the  use  of  electricity. 


state  or  city  commissions  and  still  other  systems  are  both  owned 
and- operated  by  states  or  municipahties.  About  one-fourth 
of  the  total  number  of  systems  serving  the  pubhc  are  municipal 
enterprises,  but  their  total  output  is  only  a  small  per  cent  of  the 
output  of  the  privately  owned  plants. 
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The  Federal  government  has  had  intimate  relations  with  the 
privately  owned  light  and  power  systems  through  one  commis- 
sion. The  Federal  Power  Commission  confines  its  activities  to 
those  enterprises  involving  the  development  of  the  water  powers 
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Fig.  5. — Generating  capacity,  types  of  drives,  fuel  used  and  number  of  employees 
in  central-station  industry. 


of  the  nation  in  national  parks  and  on  navigable  streams.  It  is 
of  recent  origin  but  has  carried  out  broad  and  constructive  plans 
for  the  greater  utilization  of  water  power.  The  Interstate 
Commerce  Commission  has  had  little  to  do  with  the  light  and 
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power  companies,  but  its  duties  may  later  involve  the  regulation 
of  such  systems  as  transmit  power  across  state  boundaries. 
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Fig.  6. — Status  of  electrification  in  American  industry. 


Each  state  has  some  type  of  regulatory  body  to  act  for  the 
legislature  in  regulating  privately  owned  utility  enterprises. 
These  commissions  differ  in  authority  in  the  several  states  but, 
in  general,  control  the  rates  and  financing  of  the  utilities.     In 
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some  states  the  cities  have  regulatory  powers  over  the  local 
utilities,  while  other  districts  come  under  the  jurisdiction  of  the 
state  commission.  The  municipally  operated  utilities  are  con- 
trolled usually  by  the  municipal  authorities  and  do  not  come 
under  the  jurisdiction  of  the  state  commissions.  Experience  has 
proved  regulation  to  be  successful,  but  the  great  differences  in 
the  regulatory  powers  of  the  different  state  commissions,  the  local 
activities  of  city  commissions  and  the  growth  of  Federal  regula- 
tion are  making  regulation  cumbersome  and  complex  without  add- 
ing to  the  protection  of  the  consumers.  Another  element  in 
the  situation  is  the  growth  of  the  number  of  consumer-owners 
of  utihty  securities,  and  it  may  be  that  the  consumers  may  ulti- 
mately secure  the  best  type  of  regulation  through  functioning  as 
stockholders  in  the  utilities  serving  them.  Also  the  trend  toward 
concentrated  and  large  systems  may  serve  to  decrease  the  num- 
ber of  separate  organizations  that  must  be  regulated  to  protect 
the  public  and  so  simplify  regulation  or  make  possible  Federal 
regulation  only.  In  view  of  the  existing  status  of  the  light  and 
power  industry  and  the  rapid  changes  that  are  occurring,  it 
seems  evident  that  some  changes  in  existing  methods  for  regu- 
lating the  utihties  are  inevitable. 

Future  Growth. — The  question  is  often  asked,  "When  is  the 
growth  of  the  electric  light  and  power  industry  going  to  stop?" 
This  industry  since  1912  has  more  than  quadrupled  its  output 
and  the  revenue  which  it  has  derived  from  the  sale  of  that  product. 
The  potential  activities  are  being  extended  every  year  through 
new  industrial  and  domestic  applications.  There  is  at  the  present 
time  an  industrial  heating  load  estimated  at  over  1,200,000  kw., 
but  a  potential  industrial  heating  load  estimated  at  75,000,000 
kw.,  or  three  times  the  present  connected  motor  load.  The 
increased  use  of  electrical  energy  in  various  chemical  processes, 
the  electrification  of  railroads,  the  growth  in  the  use  of  the  electric 
truck,  the  increased  use  of  domestic  heating  and  motor-driven 
devices  and  the  increased  use  of  appliances  in  the  homes — all 
will  contribute  to  the  growth  in  the  central-station  output  and 
revenue  expected  of  the  future.  The  placing  of  hundreds  of 
thousands  of  radio  receiving  sets  on  the  central-station  Hues  will 
be  an  actuality  of  the  near  future,  and  it  is  estimated  that  by 
1930  the  central-station  industry  will  derive  an  annual  revenue 
of  several  million  dollars  from  the  radio  load  alone. 
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It  would  take  a  seer  indeed  to  prophesy  the  ultimate  limits  of 
central-station  activity  or  even  to  foresee  when  the  present  rate 
of  annual  growth  is  going  to  decrease.  A  certain  trend  has  been 
estabhshed,  however,  which  gives  a  fair  basis  for  predicting  the 
activities  of  the  industry  as  far  ahead  as  1930. 

Using  tliis  basis,  it  is  believed  that  the  energy  generated  by 
the  pubhc  utilities  of  the  country  will  increase  from  58,990,495,- 
000  kw.-hr.  in  1924  to  85,547,108,000  kw.-hr.  in  1930,  or  a  45 
per  cent  increase  for  the  6-year  period.  These  figures  include 
energy  generated  by  purely  electric  railway  companies  as  well 
as  by  electric  hght  and  power  companies.  The  rate  of  hydro- 
electric growth  is  also  fairly  well  established.  In  1924  approxi- 
mately 34  per  cent  of  total  electrical  output  was  generated  in 
hydro-electric  plants  and  66  per  cent  in  steam  plants.  In  1930 
it  is  estimated  that  the  proportionate  amount  of  energy  generated 
in  hydro-electric  plants  will  have  decreased  to  31.5  per  cent  and 
that  generated  in  steam  plants  increased  to  68.5  per  cent. 


CHAPTER  II 
DEFINITIONS  AND  TERMS 

Many  definitions  and  terms  peculiar  to  the  light  and  power 
industry  have  been  adopted  because  of  their  usefulness.  Not  all 
of  them  are  clearly  defined  or  definitely  used  in  any  one  country, 
but  there  is  a  gradual  tendency  for  their  universal  adoption 
because  they  are  convenient  and  expressive  of  facts  that  deal 
intimately  with  the  operation  of  the  systems.  As  given  here, 
the  definitions  conform  to  those  printed  in  the  Standardization 
Rules  of  the  A.I.E.E.,^  and  in  addition  other  terms  are  given 
which  will  be  used  in  the  following  pages  in  accordance  with 
generally  accepted  usage. 

Load  Curve. — A  graph  plotted  with  kilowatts  as  ordinates  and 
time  as  abscissae.  It  may  apply  to  a  whole  system  or  to  any 
part  of  the  system,  and  the  time  may  be  taken  as  a  day,  hour, 
month  or  year.  The  most  useful  graph  is  made  by  consider- 
ing the  whole  system  load  during  a  24-hr.  period.  This  curve  has 
many  uses  and  serves  as  a  basic  element  in  economic  and  engineer- 
ing analyses  of  system  performances.  It  varies  with  different 
plants  and  different  systems  and  with  the  seasons  of  the  year. 
The  type  and  size  of  system  very  materially  affect  the  shape  of 
the  load  curve,  as  will  be  noticed  from  the  typical  curves  given  in 

'  A.I.E.E.  and  I.E.C.  Standardization  Rules. — The  American  Institute  of 
Electrical  Engineers  has  adopted  a  set  of  standardization  rules  which  are 
closely  followed  in  American  practice,  and  the  symbols,  terms  and  defini- 
tions therein  are  used  in  the  following  pages.  In  addition,  the  International 
Electrotechnical  Commission  proposes  and  adopts  standards  for  electrical 
engineering  and  some  of  these  definitions  or  terms  not  found  in  the  A.I.E.E. 
standards  will  be  used  in  this  book  as  given  in  the  published  standards  of 
that  body.  The  A.I.E.E.  and  I.E.C.  standards  can  be  obtained  in  pamphlet 
form  at  a  nominal  fee  from  the  A.I.E.E.,  33  West  39  Street,  New  York,  or 
in  handbooks.  In  addition  to  the  foregoing  standardization  bodies,  the 
Standards  Committee  of  the  Federated  American  Engineering  Societies 
is  working  diligently  to  secure  uniform  national  and  international  standardi- 
zation rules.  Also  the  National  Electrical  Manufacturer's  Association 
and  the  National  Electric  Light  Association  pass  upon  certain  commercial 
standards. 
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Fig.  7.     For  a  study  of  yearly  operations,  the  load  curve  is  fre- 
quently modified  by  using,  for  example,  the  aggregate  kilowatt- 


Fig.  7.— Characteristic  curves  of  the  daily  loads  found  on  a  large  system. 


hours  for  5-day  periods  as  ordinates,  as  is  indicated  in  Fig.  11. 
Another  useful  method  is  to  make  the  daily  load  curves  on  card- 


■12A.M.  4A.M.   8A.M     IZNoon  4.P.M.    8PM.    12P.M. 
Fig.  8.— Yearly  load  curve  of  a  system  supplying  an  industrial  district. 

board  and  then  cut  the  card  s  to  give  a  profile  of  the  curve.     These 
cards  can  then  be  inserted  in  a  card  index  box  each  day  and  the 
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growing  group  of  cards  affords  a  very  striking  picture  of  the 
changes  in  magnitude  and  time  of  the  system  load.  A  very 
marked  difference  occurs  in  the  load  characteristics  of  different 
industries  and  the  seasonal  effect  is  also  very  noticeable.  This  is 
illustrated  in  the  curves  shown  in  Figs.  8,  9,  10  and  12,  A 
weekly  load  curve  for  a  large  system  is  shown  in  Fig.  13. 

Connected  Load.— This  term  is  used  to  denote  the  aggregate 
continuous  rating  connected  to  a  system  or  part  of  a  system. 


-  =  EEE-EE  — EE-^E-E-EEEEE- 

*   ir 

=  EHnEEEEEE=y5iimni 

c40 

1        W  liiTrffl 

1" 

=  __  =  :_-:-  —  =  _  =  =  _:-     i:^:- 

25 

EEEEEEElEEEEEEEEEtEEiEiE 

15 

^E^i^EEEEEEEEEEEEEEEEEEE 

«i 

a     234  5678910111E      2  34  5  6  7  8  9  lOllC        12  12  3  4  5  6  7  8  9  101112  12  3  4  5  6  7  8  9  10111? 
A.M  PM  A.M.  P.M. 

FiQ  g_ — Daily  load  curves  of  companies  supplying  two  different  kinds  of 
communities,  (a)  Lighting  and  commercial  with  a  few  large  industrial  users. 
{b)  Diversified  industrial  load. 

It  may  be  applied  to  the  whole  system,  a  generating  station,  a 
substation,  a  transformer  or  other  subdivision.  The  rating  of 
the  equipment  connected  is  taken  from  the  name  plates  of  the 
energy-using  apparatus.  The  load  is  measured  in  kilowatts, 
kilovolt-amperes  or  horsepower. 

Rated  Capacity.— The  total  rating  of  a  system  or  part  of  a 
system  that  is  useful  and  available  for  commercial  purposes  is 
called  the  "rated  capacity."  Capacity  as  such  is  rather  indefinite 
and  may  be  said  to  be  the  possible  output  without  exceeding  any 
of  the   physical  limitations   of  the  system  or  its  equipment. 
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Rated  capacity  of  a  power  station,  for  example,  is  that  part  of 
the  sum  of  the  name-plate  ratings  of  the  generators  in  kilovolt- 
amperes  that  may  be  available  for  consumers.  As  normally 
used,  a  station  having  five  30,000-kva.  generators  installed  is  said 
to  have  a  rated  capacity  of  150,000  kva.,  yet  this  same  station 
might  carry  more  or  less  than  this  load,  depending  upon  the 
capacity  of  all  energy  equipments  and  the  permissible  overload 
allowed  on  the  units  for  certain  time  intervals. 

Plant  Use  Factor  or  Plant  Factor. — These  terms  are  used  to 
denote  the  ratio  of  the  average  annual  load  to  the  rated  station 
capacity.  Sometimes  it  is  computed  by  dividing  the  gross 
kilowatt-hours  generated  by  the  main  units  in  the  station  and 
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Fig.  10. — Daily  load  curve  of  a  very  large  transmission  system. 
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then  dividing  this  value  by  the  rated  capacity  in  kilowatts  multi- 
plied by  8,760  hr.  Other  times  it  is  convenient  to  use  the  average 
annual  kilowatt  or  kilovolt-ampere  load  and  divide  this  by  the 
corresponding  rated  kilowatts  or  kilovolt-amperes.  In  some  cases 
net  kilowatt-hours  are  used  in  computing  this  factor;  i.e.,  the 
energy  used  for  auxiliaries  is  subtracted  from  the  gross  energy 
generated. 

Load  Factor. — This  term  is  computed  usually  by  finding  the 
ratio  of  the  average  load  to  the  peak  load  in  a  specified  time  inter- 
val, such  as  a  day,  a  month  or  a  year.  A  definite  meaning  for 
the  term  can  be  given  only  when  the  period  of  peak  load  and  the 
time  interval  considered  are  given.  In  many  stations  the  load 
factor  on  an  annual  basis  is  found  by  dividing  the  gross  kilowatt- 
hours  generated  during  the  year  by  the  greatest  half-hour  peak 
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load  in  kilowatts  experienced  during  the  year  multiplied  by 
8,760  hr.  In  some  instances  net  kilowatt-hours  are  used  in  this 
computation  and  in  other  cases  the  greatest  hourly  peak  load 
may  be  used. 

When  graphic  charts  of  load  curves  are  available,  a  planimeter 
may  be  used  to  get  the  average  load  and  the  peak  load  during 
the  period  in  which  it  is  a  maximum.  For  example,  if  the  aver- 
age load  is  found  to  be  50,000  kw.  during  the  year  and  the  load 
averages  100,000  kw.  during  the  half  hour  of  the  year  when  the 


Fig 


-Graph  showing  how  the  daily  load  varies  on  a  system  supplying 
community  of  3,000  in  an  agricultural  territory. 


maximum  load  occurs,  the  half-hour  annual  load  factor  is  50  per 
cent.  A  high  load  factor  is  very  desirable  for  reasons  of  economy. 
It  means  that  the  investment  and  the  labor  are  used  more  hours 
for  revenue-producing  purposes.  Most  utility  systems  operate 
on  an  annual  load  factor  between  30  and  60  per  cent,  depending 
on  social  and  industrial  activities  and  habits  in  the  territories 
served.  Operation  at  100  per  cent  load  factor  for  maximum 
economy  presupposes  no  necessity  for  reserve  equipment  or  time 
out  for  maintenance  and  repair  of  existing  equipment.  There  is, 
therefore,  a  point  of  maximum  operating  economy  for  a  system 
which  is  at  less  than  100  per  cent  load  factor. 
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A  little  study  will  show  that  factories,  lights,  railways  and 
other  loads  would  have  to  operate  continuously  in  order  to  make 


( 

1 

c 

=^ 

^ 

^ 

^ 

-- 

-- 

-- 

- 

--- 

3 

-■ 

-- 

-- 

-- 

_r 

- 

__ 

^ 

\ 

2 

't— 

t^ 

_j_ 

_.^ 

— 

r' 

^ 

?: 

•N: 

^ 

, 

_cr 

r^ 

-^ 

-r' 

tL 

r 

^ 

_^ 

— 

- 

r 

^ 

J' 

3 

^ 

^ 

- 

^ 

- 

^ 

^ 

r'c 

ta 

"*"■ 

i::!     -i    3 


O  O  O  O  o  o 
O  O  O  O  o  o 
o     o     o 


oooooooo 
oooOooc^o 


o     o~    o"    o"    o'    o"    o"    2    "-^    S 


s^4.iDMoii>t 


O      O      O      O      ^.     O     C) 
o~     o"    o"     Q"    o     o" 


it  possible  to  secure  100  per  cent  load  factor.     At  the  same  time 
large  systems  are  afforded  opportunities  to  improve  their  load 
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factor  by  taking  advantage  of  time  differences  in  industrial  com- 
munities, by  adding  on  loads  of  very  dissimilar  time  character- 
istics and  by  securing  a  great  amount  of  diversity  in  the  kinds  of 
ennergy  supplied. 

Sometimes  load  factor  as  referred  to  the  consumer  has  a  mean- 
ing that  differs  from  the  general  term.  In  Europe,  the  load 
factor  of  a  consumer  is  the  same  as  in  the  definitions  given,  but 
often  in  this  country  the  consumer's  load  factor  is  defined  as  the 
ratio  of  the  average  power  used  by  the  consumer  to  his  connected 
load.  The  term  " utiHty  factor"  is  better  for  this  ratio  and  really 
has  the  same  meaning  as  "plant  factor,"  although  the  latter  term 
is  generally  applied  to  power  stations. 

Demand. — The  demand  of  an  installation  or  system  is  the 
average  power  taken  from  the  source  of  supply  at  the  receiving 
terminals  over  a  certain  period  of  time.  It  is  expressed  in  kilo- 
watts, kilovolt-amperes,  amperes  or  other  suitable  units  and  the 
time  interval  may  be  an  hour,  day,  month,  year  or  other  period 
as  determined  in  the  specific  cases.  For  example,  if  a  factory 
takes  an  average  power  of  100  kw.  for  a  month's  time  its  monthly 
demand  is  100  kw. 

Maximum  Demand. — The  maximum  demand  of  an  installation 
or  system  is  the  greatest  of  all  the  demands  which  have  occurred 
during  a  specified  period.  If,  for  example,  the  factory  previously 
considered  used  150  kw.  during  the  month  continuously  for,  say, 
15  min.,  its  maximum  demand  would  be  150  kw. 

The  power  system  must  have  an  installed  capacity  sufficient  to 
carry  the  maximum  demand  and  not  the  average  demand,  and 
consequently  it  endeavors  to  reduce  the  maximum  demands  of 
consumers  which  occur  at  the  same  time  as  the  system  maximum 
demand.  Since  equipment  is  rated  in  kilovolt-amperes,  the 
investment  charge  for  demand  can  be  applied  best  by  measure- 
ments on  a  kilovolt-ampere  basis.  Any  other  basis  introduces 
added  elements  of  complexity,  for  example,  power  factor.  But 
as  a  commercial  enterprise  it  has  been  found  difficult  to  determine 
maximum  demand  in  kilovolt-amperes  by  means  of  known 
instruments  or  facilities,  and  a  very  common  practice  is  to  meas- 
ure demand  in  kilowatts. 

Demand  Factor. — The  demand  factor  of  a  system  or  part  of  a 
system  is  the  ratio  of  the  maximum  demand  of  the  system  or  part 
of  the  system  to  the  connected  load  of  the  system  or  part  of  a 
system   under   consideration.     For   example,   if   the   maximum 
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demand  on  a  substation  is  5,000  kva.  and  the  connected  load  is 
10,000  kva.  the  demand  factor  of  the  substation  is  50  per  cent. 
Demand  factor  is  sometimes  used  with  kilowatt  instead  of 
kilovolt-ampere  measurements  because  of  the  difficulty  in 
accurately  determining  the  kilovolt-ampere  quantities. 

Diversity  Factor. — The  diversity  factor  of  a  system  or  part  of 
a  system  is  the  ratio  of  the  sum  of  the  maximum  demands  of  the 
subdivisions  of  a  system,  or  part  of  a  system,  to  the  maximum 
demand  of  the  whole  system,  or  part  of  a  system,  under  consider- 
ation, measured  at  the  point  of  supply.  Kilowatt  units  are  usually 
used  in  determining  diversity  factor  because  they  can  be  deter- 
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Fig.  14. — Use  of  the  economic  characteristic  and  daily  load  curve  to  secure  the 
total  daily  costs  of  operation.  The  same  principle  can  bo  applied  to  the  annual 
load  curve. 

mined  more  accurately  and  the  term  is  generally  used  in  energy 
analyses.  An  example  of  the  diversity  factor  of  a  substation  may 
be  given  as  follows :  Assume  each  of  three  feeders  has  a  maximum 
demand  of  1,000  kw.  but  these  maximum  demands  do  not  occur 
at  the  same  interval  of  time  during  the  day,  so  that  the  total 
coincident  maximum  demand  on  the  substation  is  only  2,000 
kw.  Applying  the  ratio  given  in  the  definition,  the  diversity 
factor  is  3,000  divided  by  2,000,  or  1.33.  Diversity  factor  is  thus 
a  numeric  and  can  be  applied  to  a  transformer,  substation,  power 
station  or  other  unit  part  of  a  system.  It  is  a  very  useful  term 
in  investment  analyses  when  the  ratio  is  measured  in  kilovolt- 
ampere  units  and  also  is  convenient  to  use  in  energy  analyses 
when  the  ratio  is  measured  in  kilowatt  units. 
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Thermal  or  Fuel  Characteristic. — A  graph  plotted  with  pounds 
of  fuel  as  ordinates  and  kilowatt  load  as  abscissae  is  very  conven- 
ient for  studying  the  operation  of  a  power  station  and  the  term 
"thermal  or  fuel  characteristic"  has  been  given  to  the  plot. 

Economic  Characteristic. — A  graph  plotted  with  the  total  cost 
of  generating  energy  as  abscissae  and  load  in  kilowatts  as  ordi- 
nates is  called  the  "economic  characteristic"  of  a  station  and 
is  very  useful  in  making  cost  analyses.  The  intercept  on  the 
horizontal  axis  represents  the  fixed  cost,  or  that  cost  which 
is  independent  of  energy  output.  This  graph  can  be  used  in 
combination  with  the  daily  load  curve,  for  example,  to  obtain  a 
derived  curve  showing  the  area  proportional  to  the  total  cost 
of  producing  energy  for  a  daily  or  yearly  period  (see  Fig.  14). 

Willans  Line. — A  graph  with  total  pounds  of  steam  as  ordinates 
and  kilowatt  load  as  abscissae  is  very  useful  in  studjnng  station 
thermal  performance  or  that  of  any  prime  mover,  and  the  name 
"Willans  hne"  has  been  given  the  curve. 

Tentative  Definitions. — Some  tentative  definitions  or  terms 
often  used  in  station  practice  have  been  made  by  the  Prime 
Movers  Committee  of  the  N.E.L.A.: 

Net  output  of  a  generator  is  the  kilowatt-hours  generated  by  the  main 
unit  in  a  given  period  modified  by  the  following  items: 

1.  In  the  case  of  a  separately  electrically  driven  exciter,  minus  the 
power  consumed  in  the  generator  field  and  field  rheostat. 

2.  In  the  case  of  a  separately  electrically  driven  ventilating  fan,  minus 
the  power  input  to  the  fan. 

3.  In  the  case  of  a  direct-connected  exciter,  plus  the  kilowatt-hours 
generated  by  the  exciter  minus  the  power  consumed  in  the  generator 
field  and  field  rheostat. 

4.  In  the  case  of  a  direct-connected  auxiliary  unit  for  supplying  excita- 
tion or  power  for  turbine  auxiliaries,  plus  the  kilowatt-hours  generated 
by  the  auxiliary  unit,  minus  the  power  consumed  in  the  generator  and 
auxiliary  unit  fields  and  field  rheostats. 

Boiler  steaming  factor  is  the  ratio  of  the  boiler  surface  hours  steaming  to 
the  boiler  surface  hours  total. 

Boiler  hanking  factor  is  the  ratio  of  the  boiler  surface  hours  banking 
to  the  boiler  surface  hours  total. 

Boiler  load  factor  is  the  ratio  of  the  actual  total  output  of  a  group  of 
boilers  to  their  actual  maximum  output  as  expressed  in  B.t.u.  trans- 
mitted during  a  given  period. 

Stoker  size  is  specified  by  the  square  feet  of  grate  surface. 
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Heat  Interchanger. — A  part  of  a  cooling  system  such  as  is  used  for 
cooling  oil,  air  or  transformers  in  which  water  or  other  medium  is  cir- 
culated in  a  closed  loop,  where  heat  is  absorbed  for  the  purpose  of  cool- 
ing in  one  part  of  the  system  and  given  up  for  heating  in  another  part  of 
the  system — the  latter  part  being  called  the  heat  interchanger. 

Heat  Pressure  Evaporator. — A  type  of  evaporator  which  operates  at  a 
pressure  somewhat  below  boiler  drum  pressure  where  the  vapors  are 
absorbed  by  the  feed  water  at  upwards  of  212°F. 

Low-pressure  Evaporator. — A  type  of  evaporator  which  operates 
between  a  pressure  close  to  atmosphere  and  a  vacuum  of  20  to  25  in.  of 
mercury,  the  heat  in  the  vapors  being  absorbed  by  the  condensate. 

First  Effect,  Second  Effect. — Terms  applied  in  the  evaporation  of 
water.  When  the  process  of  evaporation  takes  place  in  two  or  more 
steps  the  initial  step  uses  the  heat  of  steam  from  some  source  external 
to  the  evaporation  plant  for  vaporizing  the  water;  the  second  effect 
utilizes  the  vapor  from  the  first  effect  to  vaporize  the  water. 

Make-up. — Water  supplied  to  boilers  to  make  up  the  deficiency  in 
supply  from  the  condensate  and  the  heating  steam  which  is  returned. 

Total  steam  of  a  prime  mover  is  the  total  pounds  of  steam  per  hour 
passing  the  throttle  minus  the  heat  extracted  per  hour  for  feed-water 
heating  and  including  steam  used  for  steam  seals. 

Total  heat  of  a  prime  mover  is  the  total  heat  of  the  steam  per  hour 
at  initial  conditions  minus  the  heat  extracted  per  hour  for  feed-water 
heating  and  including  the  heat  per  hour  in  the  steam  used  for  seals. 

Total  heat  line  for  a  turbine  is  a  line  plotted  with  total  heat  per  hour 
as  ordinate  and  gross  turbine  unit  output  per  hour  as  abscissae. 

Condensate. — Water  consisting  of  steam  and  entrained  moisture 
exhausted  from  the  last  stage  of  a  prime  mover  and  condensed  and 
including  condensed  steam  and  entrained  moisture  from  steam  seals  but 
not  including  steam  or  water  from  any  other  source  which  may  pass 
through  the  condenser. 

Heat  Level. — A  term  used  to  designate  the  order  of  the  separate 
successive  steps  in  feed-water  heating.  The  standard  method  of 
expressing  the  level  by  means  of  the  range  of  feed-water  pressure  of  the 
heat  level  is  as  follows: 

High  Heat  Level. — Where  the  feed-water  heater  is  working  under  a 
pressure  equivalent  to  boiler  feed  or  economizer  feed  pressure. 

Nominal  Heat  Level. — Where  the  heater  is  working  under  feed-water 
pressures  ranging  from  atmospheric  to  economizer  pressures. 

Low  Heat  Level. — Where  the  feed  water  is  under  vacuum, 

Basic  station  efficiency  is  the  calculated  efficiency  of  a  station,  account- 
ing for  all  those  large  losses  which  can  be  calculated  accurately. 

Economizer  efficiency  is  the  ratio  of  the  temperature  rise  of  the  water 
to  the  difference  between  the  inlet  gas  and  inlet  water  temperature  of 
an  economizer. 
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Boiler  Unit. — This  consists  of  a  boiler  together  with  its  fuel-burning 
equipment,  superheater  (if  any),  economizer  or  air  preheater  (if  any), 
all  stoker  or  other  fuel  drives,  forced  and  induced  draft  fans  and  boiler 
feed  pumps  used  solely  in  connection  with  the  boiler  during  normal 
operation. 

Turbine  Unit. — This  consists  of  a  turbine,  together  with  the  main 
generators  and  station  power  generators  and  exciters  connected  to  its 
shaft,  and  auxiliary  apparatus  used  solely  in  connection  with  the  turbine 
operation  and  including  under  these  conditions  condensate  pump' and 
drive,  circulating  water  pump  and  drive,  air-removal  apparatus,  oil- 
circulating  and  cooling  apparatus,  generator  air-cooling  apparatus, 
main  condenser,  heaters,  exciters  and  their  drive. 


CHAPTER  III 
GENERAL  CONSIDERATIONS  FOR  LOCATING  STATIONS 

In  considering  the  design  elements  connected  with  the  instal- 
lation of  an  energy  supply  system  the  technical,  social  and 
economic  aspects  must  all  be  considered  and  given  proper  weight. 
This  is  because  a  central-station  property  is  a  public  utility  and 
produces  a  commodity  which  is  partly  product  and  partly  service. 
It  has  become  a  public  necessity  and  is  subjected  to  regulation  by 
the  public.  And  in  addition  it  must  have  good  public  relations 
if  it  is  to  operate  successfully.  For  these  and  other  reasons  the 
engineer  must  develop  the  project  with  a  very  broad  perspective 
and  with  the  knowledge  that  the  changing  state  of  the  art  pre- 
vents any  predictions  to  be  made  as  to  the  economical  life  of 
equipment  or  permanency  in  operating  methods. 

Economic  and  social  conditions  call  for  concentrated  plants  for 
producing  power  in  large  quantities  and  widespreading  electrical 
systems  for  distributing  the  energy,  i  A  scrapping  of  obsolete  and 
uneconomical  power  plants  is  continually  going  on,  and  mammoth 
new  steam  and  hydraulic  plants  are  being  built.  In  studying  an 
energy  supply  system  it  is  necessary  to  consider  all  the  elements 
along  the  energy  stream  from  water  or  coal  to  the  consumer,  and 
to  design  with  economy  and  reliability  of  service  as  primary 
considerations. 

Area  for  Power  Supply. — Without  considering  the  effect  of 
interconnection  with  other  systems,  the  area  over  which  energy  is 
to  be  distributed  has  a  very  decided  bearing  on  the  location,  type 
and  size  of  the  engineering  equipment  to  be  used.  The  size  and 
the  number  of  power  stations,  the  voltage  for  transmission,  the 
number  and  the  size  of  substations  and  the  total  cost  of  energy  to 
the  consumers  are  all  influenced  by  the  size  of  the  territory  served. 
A  large  area  is  advisable  from  the  standpoint  of  installed  capacity 
because  it  permits  the  system  to  take  advantage  of  the  economies 
available  through  diversity  differences,  load  density  differences 
and  local  operating  differences.  Also  it  permits  the  development 
of  lightly  loaded  territory  most  economically.     But  the  reduction 

2S 
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in  cost  of  energy  does  not  continue  indefinitely  with  an  increase 
in  area,  because  the  cost  of  transmission  begins  to  mount,  the 
transforming  equipment  at  the  higher  voltages  becomes  more 
expensive  and  other  elements  change  conditions  so  that  the 
reliability  of  the  service  rendered  may  become  less  as  the  territory 
exceeds  a  certain  limit.  Also  it  may  come  about  that  the  cost 
of  the  overhead  organization  becomes  excessive  and  the  adminis- 
tration and  operating  systems  become  cumbersome  and  inefficient. 

Estimate  of  Load. — It  is  very  difficult  to  estimate  the  probable 
load  in  a  given  territory.  If  stations  are  in  existence,  the  load 
data  can  be  obtained,  but  in  other  localities  a  rough  estimate  may 
be  made  of  average  conditions  in  the  following  manner:  (1) 
Averages  show  a  per  capita  consumption  of  about  100  kw.-hr.  per 
year  for  domestic  use,  of  about  20  kw.-hr.  for  street  and  com- 
mercial lighting,  of  15  kw.-hr.  for  street  railways  and  of  about 
350  kw.-hr.  for  power.  Allowing  about  20  per  cent  for  losses  and 
knowing  the  number  of  inhabitants,  the  total  kilowatt-hour  con- 
sumption per  year  can  be  estimated.  (2)  Knowing  the  aggre- 
gate kilowatt-hour  output  per  year,  the  rated  generating  capacity 
necessary  to  install  can  be  found  from  the  fact  that  average  condi- 
tions call  for  1  kw.  of  station  capacity  for  each  2,300-kw.-hr. 
annual  output.  This  method  is  very  approximate  and,  fortu- 
nately, it  is  seldom  necessary  to  use  it  in  this  country  because  of 
the  existing  developments.  The  fact  that  interconnection 
between  territories  is  the  present  trend  also  very  materially 
modifies  the  assumptions,  since  energy  may  be  sold  or  purchased 
from  neighboring  systems  as  necessity  or  economy  dictates. 

Location  of  Power  Stations. — In  a  large  area  for  power  supply 
it  generally  proves  economical  and  good  practice  to  use  a  system 
of  interconnected  power  plants  rather  than  one  large  plant.  This 
practice  takes  advantage  of  diversity,  permits  shorter  lines  to  be 
used,  makes  possible  stations  near  the  center  of  load  in  the  heavily 
loaded  districts  and  permits  stations  to  be  located  to  take  advan- 
tage of  fuels,  water  power  sites  or  plant  sites  most  suitable  for 
economical  operation.  If  the  density  of  load  is  uniform  in  a  given 
area  it  makes  little  difference  in  overall  economy  if  multiple 
stations  are  used  instead  of  a  single  station — even  the  copper 
economy  will  be  about  the  same.  In  a  large  territory,  unit 
subdivisions  may  be  made,  each  of  which  will  be  served  primarily 
from  its  own  power  station.  The  location  of  these  unit  stations 
at  the  weighted  load  centers  can  be  found  in  several  ways.     The 
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theoretical  solution  has  been  determined  by  Dr.  A.  RusselP  and 
pimple  kinematic  solutions  have  been  developed  by  others. ^  But 
as  a  practical  proposition,  theoretical  solutions  on  a  center  of 
gra\aty  or  equality  of  copper  loss  basis  are  of  little  use  in  locating 
stations  and  simply  serve  as  checks  and  steps  in  the  analyses. 
Load  centers  change  with  lapse  of  time  and  in  a  given  area  other 
elements  fix  the  station  location.  Hydraulic  stations  are  fixed 
by  the  location  of  the  water  power  resources  and,  strange  to  say, 
water  also  is  the  primary  item  that  locates  a  steam  station.  In 
summer  weather  from  200  to  500  lb.  of  cooling  water  will  be 
required  per  pound  of  fuel  used  in  order  to  supply  circulating 


Fig.  15. — The  200,000-kw.  Delaware  station  of  the  Philadelphia  Electric  Com- 
pany presents  attractive  architectural  features. 

water  to  the  condensers.  This  is  a  very  large  volume  of  water  for 
large  stations  and  it  is  difficult  to  find  sites  with  such  a  water 
supply  available.  Mouth-of-mine  plants,  in  particular,  may 
have  plenty  of  fuel  at  their  doors  and  no  circulating  water — and 
the  latter  cannot  be  transported  very  readily.  Next  to  water 
supply,  fuel  must  be  considered,  and  rail,  water  and  highway 
delivery  routes  are  necessary  to  safeguard  the  supply  of  fuel. 
Then  many  other  things  must  be  considered,  such  as  the  avail- 
ability for  installing  transmission  lines  or  underground  cables, 
the  cost  and  amount  of  the  land  required,  the  soil  conditions  for 
foundations,  the  availability  of  laborers  and  the  surrounding 

1  British  Institution  of  Electrical  Engineers,  January,  1921. 

2  Carrothers,  C.  G.,  British  Institute  of  Electrical  Engineers,  January. 
1921. 
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architectural  and  social  standards.  In  addition,  smoke  and 
building  ordinances,  the  developments  to  be  expected  in  the 
future  and  other  elements  must  be  considered.  Fortunately,  in 
a  given  territory,  a  brief  analysis  soon  reduces  the  possible  sites 
to  a  small  number  and  laborious  analyses  are  not  necessary.  If, 
however,  the  area  is  very  extensive,  such  as  would  be  considered 
in  a  national  or  regional  power  scheme,  it  would  be  necessary ^nd 
profitable  to  make  several  fundamental  analyses  before  locating 
the  stations. 

Efifect  of  Load. — In  any  area  the  load  varies  in  density  through- 
out the  territory,  and  consumers  are  conveniently  divided  into 
three  classes  as  follows: 

Kilo  volt-amperes 

Domestic  consumers 0-10 

General  power  consumers 10-5,000 

Large  power  consumers Over  5,000 

This  classification  is  not  standardized  and  the  loads  given  are 
simply  illustrative  of  typical  divisions.  In  general,  the  area  and 
the  types  of  loads  in  the  different  districts  materially  affect  the 
voltages  used  on  the  system.  It  is  best  to  use  a  minimum  number 
of  voltages  for  transmission  and  distribution  on  a  given  system, 
as  it  simplifies  the  operation  and  reduces  the  investment  in 
reserve  equipment.  The  general  classifications  of  voltages  are 
not  standardized,  but  the  following  table  is  typical  of  those  for 
which  equipment  is  available: 

Generation 2,300,  6,600,  11,000  13,200  and  18,000 

Transmission 13,200,  22,000,  33,000,  44,000,  66,000, 

110,000,  132,000  and  220,000 

Primary  distribution 6,600,  11,000,  13,200  and  22,000 

Secondary  distribution 2,300,  4,000,  6,600,  11,000  and  13,200 

Domestic  distribution 110  and  220 

Economic  analyses  usually  fix  the  voltage  to  use  in  transmission, 
and  the  amount  of  energy  and  the  distance  are  the  deciding  ele- 
ments. Distribution  limitations,  safety,  legal  restrictions  and 
other  elements  affect  the  choice  very  greatly  as  the  consumer  is 
approached  with  the  supply  lines.  The  demands,  size  of  individ- 
ual loads  and  their  locations,  number  of  consumers  and  the  type 
of  loads  and  their  locations  are  to  be  considered  in  the  study  of 
the  system  to  be  used  for  secondary  power  distribution. 
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Analyses  of  Costs. — First  cost  and  yearly  total  operating  cost 
are  the  two  major  elements  to  be  determined  in  the  financial 
analyses  to  be  made.  The  most  intangible  cost  to  estimate  is 
that  for  depreciation  and  obsolescence.  The  life  of  the  physical 
apparatus  is  limited  and  its  first  cost  should  be  regained  during 
its  use  in  order  to  retain  the  initial  capital  investment  but  it  is 
difficult  to  determine  the  life  and  to  allot  an  equitable  rate  for 
yearly  depreciation.  Obsolescence,  however,  is  usually  more 
indeterminate  than  depreciation  because  no  one  can  predict  the 
economic  life  of  equipment,  for  the  advances  in  the  art,  particu- 
larly in  the  power  field,  are  so  rapid  that  innumerable  instances 
are  found  in  which  equipment  has  been  replaced  because  more 
economical  apparatus  has  been  made  available. 

Many  of  the  large  organizations  having  each  year  a  gross 
income  of  great  magnitude  do  not  attempt  to  establish  funds  to 
care  for  this  part  of  the  yearly  overhead  cost  but  prefer  to  maintain 
a  reserve  fund  of  a  certain  magnitude  and  to  maintain  their 
investment  in  status  quo  by  charging  all  capital  replacements  as 
operating  costs.  Small  properties  cannot  afford  to  do  this,  as  the 
loss  of  the  power  station,  for  example,  would  represent  too  great 
a  proportion  of  their  investment  and  their  operating  income  is 
insufficient  to  permit  of  capital  replacements  of  any  magnitude. 

The  costs,  first  and  total  yearly  operating,  must  be  determined 
for  the  whole  system,  which  includes: 

Power  stations,  transmission  system,  distribution  system  and 
substations,  including  all  organization  and  administration  costs. 
And  in  dealing  with  costs  in  one  portion  of  the  system  sight  must 
not  be  lost  of  the  effect  on  the  costs  of  the  other  portions. 

The  fixed  charges  on  a  system  usually  include  the  cost  of  carry- 
ing the  investment  and  provide  for  the  replacement  of  worn-out 
or  obsolete  apparatus.  Interest  and  taxes  are  direct  charges  on 
the  investment,  while  insurance  and  depreciation  cover  the 
replacement  element.  Interest  charges  are  variable,  depending 
on  conditions  and  the  credit  of  the  borrower.  From  5  to  8  per 
cent  are  usual  figures  with  7  per  cent  a  safe  value  to  use  in  estimates 
on  sound  projects.  Taxes  vary  also  and  range  from  0.5  per  cent 
on  some  hydro-electric  installations  to  3  per  cent  for  some  steam 
station  installations.  An  average  figure  for  estimates  is  2.5  per 
cent  when  the  exact  value  cannot  be  determined.  Insurance 
against  fire  is  obtained  usually  at  a  cost  of  0.5  per  cent,  but  many 
added  clauses  and  types  of  insurance  may  increase  this  cost  con- 
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siderably.  Depreciation  cost  varies  with  the  different  equipments 
used  on  the  system  and  their  value  as  scrap  at  the  end  of  their 
Hfe.  The  depreciation  charge  may  include  functional  and 
physical  depreciation  and  is  computed  in  many  ways  Different 
courts  and  state  commissions  have  approved  typical  depreciation 
rates  of  the  straight-line  character  as  follows: 

Per  Cent' 

Transmission  lines 5 

Boilers 5 

Buildings 2 

Cables 5 

Coal  and  ash-handling  equipment 7.5 

Turbo-generators 7.5 

But  these  are  given  as  typical  semi-legal  figures  only  and  vary  in 
the  different  states.  In  setting  up  the  accounting  system  for  an 
energy  supply  system,  depreciation  should  be  considered  for  each 
of  the  accounts  carried  on  the  books  and  should  be  based  on  a 
detailed  study  of  local  conditions  of  operation,  climate  and  use. 

Load  factor  has  a  decided  bearing  on  costs,  as  the  fixed  charges 
vary  inversely  with  this  factor,  and  since  the  no-load  costs  are 
very  largely  determined  by  the  size  of  station  or  peak  load,  it  is 
important  to  consider  the  monthly  load  factor  in  studying  labor 
costs.  The  operating  charges  for  a  plant,  especially  labor  costs, 
are  influenced  by  load  factor,  since  the  shifts  must  be  manned  in 
sufficient  strength  to  carry  the  peak  loads.  Coal  costs  are  also 
influenced  by  load  factor,  for  the  number  of  units  used  and  the 
rating  at  which  they  work  vary  with  load  conditions. 

General  Design  Features.- — The  general  design  of  a  system  is 
best  made  by  treating  the  stream  of  energy  from  the  source, 
through  the  conversions  and  transformations  to  the  point  of 
utilization.  It  then  becomes  possible  to  study  the  available 
equipment  for  treating  the  energy  at  each  point  and  to  analyze 
the  costs  and  losses  involved  with  different  assemblages  of  equip- 
ment and  different  methods  of  operation.  Aside  from  these 
major  elements,  others  must  be  considered,  such  as  reliability  of 
equipment  or  service,  convenience  in  operation  and  relations  to 
other  phases  of  the  business.  In  general,  the  solution  is  made  by 
balancing  costs  against  losses  for  each  assemblage  of  equipment 
after  a  study  has  been  made  of  present  and  future  conditions. 
More  and  more  it  is  becoming  necessary  to  study  the  economics  of 
the  layout  and  to  secure  the  highest  possible  eflSciency.     It  must 
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be  remembered  that  losses  are  also  involved  in  operating  a  system 
through  a  human  organization  and  that  these  intangible  losses 
may  be  large  or  small  depending  upon  the  efficiency  of  the  admin- 
istration and  the  convenience  of  the  system  for  most  economical 
operation. 

When  interconnected  systems  are  considered,  analyses  must 
be  made  for  the  specific  conditions  and  care  must  be  exercised  to 
consider  all  the  elements  that  enter  into  operation  and  installation. 


Fig.  16. — The  81,000-kva.  Pit  No.  3  station  of  the  Pacific  Gas  and  Electric  Com- 
pany is  illustrative  of  well-designed  hydro  stations. 

Plant  Sites. — A  central-station  plant  is  a  complex  grouping  of 
men,  material  and  equipment  for  the  conversion  of  energy  with 
safety,  efficiency,  economy  and  convenience.  Major  elements 
to  consider  in  laying  out  the  site  are  the  cost  of  the  ground  area 
required  for  immediate  and  future  use,  the  accessibility  of  the 
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site  for  water,  rail  and  electrical  transportation,  the  location  of  the 
site  with  respect  to  the  load  and  the  availability  for  getting 
the  energy  from  the  station,  the  soil  conditions  for  foundations, 
the  facilities  for  building  the  plant  both  as  regards  labor  and 
materials,  storage  facilities  for  fuel,  water  or  ash,  and  other  sur- 
rounding conditions  that  may  affect  operations. 


Pinrhecii^  li'^ 


Fig.  17.- 


-Layout  of  plant  site  for  the  600,000-kw.  Richmond  station  of  the 
Philadelphia  Electric  Company. 


The  layout  of  the  site  and  the  architectural  features  of  the 
buildings  should  be  such  as  to  add  to  the  beauty  of  the  surround- 
ings without  involving  unnecessary  expense  because  this  practice 
aids  public  relations.  European  practice  in  this  respect  is 
superior  to  American  but  the  newer  American  plants  are  better 
designed  and  often  become  the  objects  of  community  pride. 
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The  terrain  has  a  great  influence  on  the  layout  for  both  hydrau- 
hc  and  steam  stations.  In  the  hydrauHc  plants  the  maximum 
head  of  water  should  be  utilized  and  in  steam  stations  the  level  of 
the  condenser  circulating  water  and  transportation  facilities  for 
fuel  and  ash  are  very  influential  elements. 

The  number  of  buildings  required  depends  on  the  size  of  plant, 
the  type  of  plant  and  the  voltages  used.     Much  leeway  is  afforded 


I -Bunker  dnd  storerooms 
2-Boi!er  house 
3-Turbine   room 

4,4oi-Switch  house  oind  ciuxilioii-y   \/ 
substation  transformers      J^ 
S-Service  builolingi  '' 

6-Outoloor  substoition,  132,000-voH- 
l-Coa\  tower 

-Ash  settlinoi  pits  cxnol  cishbins 
9-Oii  house 
lO-Oiltoinks 
I  l-Brecxker  buildinc)  ]^-<^- 


l5-Droio)-scrciper  machinery  house 
16 -Swinging  booin  with  conveyor  No.  12 
n-Coir  puller  machinery  house 
18-Dischoii"ge  ccinoil 
19-56-in.  Conveyors,  No.  3  cinol  4 
20-42-in.         "  No.S 

2I-3e-in.        "         No.8oinol9 
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"fhT7ol ^St ^""""'S;  23-3fo-in.         "  No.  15 

....,    , . 1^1  24-42-in.        "  No.lOandll 

,„'.!,  ,  V,     ,       , .,       '    '  25- Troinsmission  towers 

12 -Drive-house  for  conveyors.  No.  b  and  1 

13-Drive-house  for  conveyors,  No.  &,  9  oind  13        C-  Construction  buildings 
!4-Troick.  hoppei' 


Fig.  17a.- 


-Property-site  layout  for  the  400,000-kw.  Kearny  station  of  the  Public 
Service  Electric  Power  Company. 


designers  as  regards  the  amount  of  equipment  to  be  housed  in 
buildings,  and  the  present  tendency  is  toward  a  greater  use  of 
outdoor  installations  on  account  of  the  high  cost  of  construction, 
greater  operating  safety  and  convenience.  The  high-tension 
and  electrical  apparatus,  including  arresters,  transformers  and 
switches,  are  usually  placed  outdoors  and  the  fuel-handling 
and  preparing  equipment  of  the  coal  storage  yard  is  also  con- 
veniently located  outdoors.     An  economic  and  operating  study 
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is  required  to  determine  the  practice  to  be  used  in  a  specific 
station. 

The  governing  element  in  the  layout  of  the  site  is  to  secure  the 
most  direct  route  for  the  energy  through  the  production  process 
but  reliability  at  each  location  may  modify  this  condition  to  some 
extent,  as  may  also  reserve  or  alternative  methods  of  operation 
in  case  of  emergencies.  Storerooms  for  supplies,  homes  /or 
attendants,  offices  for  the  operating  force,  a  hospital,  locker  rooms, 
repair  shops,  a  restaurant,  a  laboratory  and  an  assembly  room 
are  some  of  the  other  necessities  that  must  be  provided,  depend- 
ing on  local  conditions.  Some  of  these  can  be  incorporated  in 
separate  buildings  to  good  advantage  and  others  can  be  located 
in  the  power  plant  building. 

Great  attention  should  be  given  to  the  layout  of  the  buildings 
and  their  interiors  to  protect  the  men  and  equipment  from  dirt, 
floods,  accidents,  fire  hazards  and  other  conditions  beyond  the 
control  of  the  operating  force. 

Foundations. — Soil  conditions  for  foundations  should  be 
determined  by  a  thorough  test,  using  closely  spaced  dry  borings. 
The  foundations  should  be  uniform  in  depth  and  homogeneous  in 
structure.  Table  VII  gives  representative  data  on  the  bearing 
power  of  soils,  as  given  by  Ira  0.  Baker: 

Table  VII. — Bearing  Power  of  Soils 

Safe  Bearing 
Power  in  Tons 
Kind  of  Soil  per  Square  Foot 

Rock — hard,  in  thick  layers 200 

Rock — equal  to  asphalt  masonry 25     -30 

Rock — equal  to  best  brick  masonry 15     -20 

Rock — equal  to  poor  brick  masonry 4     -6 

Clay — dry,  in  thick  beds 2     -4 

Clay— soft 1     -  2 

Gravel  and  coarse  sand,  well  cemented 8     -10 

Sand — compact  and  well  cemented 4     -6 

Sand — clean  dry 2     -4 

Quick  sand,  alluvial  soils,  etc 0.5-1 

A  mat  foundation  at  one  elevation  on  gravel  earth,  for  example, 
forms  a  desirable  type  of  foundation.  It  should  be  equally 
strong  throughout  so  that  equipment  may  be  arranged  as  desired 
and  subfoundations  can  then  be  built  up  from  the  mat  to  hold 
the  units  used.     The  unit  piers  are  kept  separate  from  each  other 
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and  from  the  floors  to  prevent  vibrations  and  expansions  being 
communicated  over  a  large  area.  Reinforced-concrete  founda- 
tion construction  is,  in  general,  better  than  mass  concrete  con- 
struction, as  it  takes  less  space,  but  care  must  be  taken  to  protect 
the  reinforcing  from  exposure  to  electrolytic  action.  For  the 
prime  mover  units,  mass  concrete,  reinforced  concrete  and  steel 
are  used,  and  where  space  is  very  valuable  an  all-steel  foundation 
may  be  used. 

When  foundations  are  built  on  solid  rock,  the  top  surface  should 
be  cleaned  and  have  a  dressing  of  concrete  to  bring  it  to  a  level. 
When  the  foundation  is  to  be  clay  or  dry  sand,  the  foundation 
does  not  need  to  be  carried  deeper  than  the  frost  line,  as  a  mat- 
type  foundation  must  be  installed.  When  wet  soils  or  loose 
alluvial  soils  are  encountered,  it  is  necessary  to  use  piles,  and  the 
safe  bearing  power  of  the  piles  may  be  obtained  by  use  of  the 
Engineering  News  formula  for  piles  driven  by  a  drop  hammer : 

P   =   ,-,    I    .,  tons  safe  load, 

^  +  1 

W  =  weight  of  hammer,  in  tons. 

h    =  distance  of  free  fall  of  hammer,  in  feet. 

S    =  penetration  of  pile  for  last  blow,  in  inches. 
The  piles  are  driven  on  3-ft.  centers  with  a  concrete  mat  on  the 
top  portion  through  which  anchor  rods  project. 

Building  Construction. — The  foundations  and  walls  of  rein- 
forced concrete  should  be  continued  to  some  distance  above 
ground  level  or  above  flood  water  and  the  walls  then  continued 
to  the  roof  with  a  type  of  construction  that  may  be  brick  filled 
structural  steel,  reinforced  concrete  and  steel,  hollow  tile  and 
steel,  stone  or  a  combination  of  these  materials.  Reinforced- 
concrete  floors  with  steel  gratings  are  usually  used,  and  in  the 
operating  rooms,  turbine  rooms  and  switch  galleries  a  special  and 
sometimes  colored  cement  dressing  is  used  on  top  of  the  concrete. 
Tile  is  also  used  in  turbine  halls,  but  is  more  expensive  than  the 
surface  dressing. 

The  interior  walls  should  be  light  in  color  and  surfaced  so  they 
may  be  easily  cleaned.  Glazed  brick,  tile  and  patent  surfaces 
are  used  frequently.  Doors  and  windows  should  be  conveniently 
located  and  where  large  doors  are  used  small  doors  may  be  cut  in 
them  for  the  greater  convenience  of  the  employees.  The  win- 
dows should  be  made  with  small  panes  and  steel  sash  and  should 
be  readily  opened  and  closed  by  the  operators.     The  roof  gener- 
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ally  consists  of  a  structural  steel  framework  covered  with  patent 
roofing,  tile,  slate  or  tar  and  gravel.  Care  must  be  used  to  insure 
no  water  leakage  and  to  get  good  ventilation  and  daylight 
illumination  through  the  use  of  skylights. 

The  height  of  the  building  is  determined  by  installation  clear- 
ances, size  and  type  of  equipment  used,  the  cost  of  land  and  local 
operating  conditions.  Cranes  should  be  able  to  lift  and  move 
any  piece  of  equipment  without  interference  with  the  operation 
of  other  apparatus;  often  railroad  cars  enter  the  boiler  room, 
turbine  room  or  basement  and  the  use  of  island  construction  also 
may  influence  the  height. 


Fig.  18. — The  SO,000-kva.  Philo  station  of  tlie  American  Gas  and  Electric  Com- 
pany is  a  base-load  highly  efficient  plant. 

Heating  and  Ventilating.— The  heating  and  ventilating  of  the 
buildings  is  a  major  consideration.  In  the  steam  stations  one 
arrangement  is  to  take  air  from  the  outside,  with  or  without 
washing,  and  conduct  it  through  the  rooms  and  into  the  boiler 
furnaces  for  combustion  purposes.  The  incoming  air  may  be 
heated  or  tempered  in  many  ways  and  in  winter  the  air  from  the 
heated  machinery  may  be  used  to  advantage.  Warm  circulating 
water  from  the  condensers  may  also  be  used  in  an  air  washer  to 
heat  the  air.  Direct  radiation  using  exhaust  steam  from  auxil- 
liaries,  steam  bled  from  main  units  or  electric  heaters  is  frequently 
used  and  a  method  for  utilizing  the  heat  in  flue  gases  for  station 
heating  can  be  used.  Air  changes  at  frequent  intervals  are 
necessary  to  prevent  condensation,  and  it  is  generally  better  to 
clean  the  air  used  in  order  to  reduce  the  dirt  and  decrease  the 
maintenance  costs.     Floor  drainage,  safety  precautions  in  the 
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way  of  alarms  and  unobstructed  passages  must  also  be  secured  in 
the  design. 

Boiler  Room. — The  boiler  room  requires  a  great  volume  of  air 
for  its  furnace  operation,  as  about  13  lb.  are  required  per  pound 
of  coal  burned.  The  air  for  combustion  should  be  supplied  from 
those  parts  of  the  station  where  heated  air  is  available,  if  this 
can  be  done  conveniently  and  economically.  In  stoker-fired 
boilers  this  air  must  be  led  to  the  space  under  the  boilers  and  the 
heated  air,  collected  from  the  upper  levels  of  the  station  or  from 
air  heaters,  must  be  conducted  downward  through  spaces  in 
which  no  rising  convection  air  currents  are  encountered.  Some  of 
the  air  can  be  obtained  from  the  turbine  room  but  a  great  amount 

T.\BLE   VIII. — Estimated    Cost  of  30,000-kw.  Oil-burning  Somerset 
Station  of  the  Montaup  Electric  Company — 1925 

Yard $     198,700 

Building 1,266,065 

Equipment  foundations 60, 175 

Boiler  plant 273,400 

Draft  system 153,500 

Feed-water  system 201,500 

Condenser  system 379,575 

Piping  and  covering 260,000 

Fuel-oil  system 50,650 

Generators 525,000 

Transformers 32,280 

Switchgear  and  wiring 398,230 

Auxiliary  equipment 98,400 

Machine  shop 10,000 

Tests  and  preliminary  operation 15,000 

Oil  storage  and  handling  plant  in  yard 120,950 

Transformer  repair  shop 28,950 

Equipment  foundations  and  steel  structure 80,600 

Electrical  equipment 142,500 

Switchgear  and  wiring 157,755 

Engineering  cost 220,000 

Construction  engineering 375,840 

Office  at  works 80,000 

Inspection  and  expediting 20,000 

Insurance 35,000 

Temporary  construction 160,000 

Depreciation  on  construction  equipment 50,000 

Contingencies 350,930 

Total $5,745,000 

(No  allowance  for  fresh  water  supply  from  outside  source  is  included.) 
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must  be  obtained  from  outside  the  building.  If  care  is  exercised 
in  laying  out  ducts,  stairways  and  halls,  the  air  can  be  obtained 
without  the  use  of  forced  circulation  and  without  introducing 
cold  drafts.  It  also  can  be  admitted  in  such  a  way  as  to  sweep 
away  noxious  gases  and  fumes.  In  cold  weather,  condensation 
will  give  trouble  if  the  cold  air  comes  into  contact  with  heated 
surfaces  and  it  may  be  necessary  to  use  fans  to  direct  air  flow  in 
certain  channels. 

Turbine  Room. — In  the  turbine  room,  summer  and  winter 
conditions  are  difficult  to  meet  and  the  location  of  the  individual 
machines  and  their  local  temperature  effects  make  it  difficult  to 


Fig.   20. — The   lS7,500-kva.   Trenton   Channel  station  of   the   Detroit  Edison 
Company  has  an  attractive  setting. 

secure  uniform  conditions.  The  windows,  skylights  and  water 
pipes  may  cause  condensation  and  leaks  from  steam  lines  or 
machines  may  introduce  troublesome  moisture.  Also  the  use  of 
enclosed  generator  cooling  affects  the  situation  materially,  but  if 
the  open  system  of  cooling  is  used  it  may  be  possible  to  exhaust 
the  heated  air  into  the  room  in  winter  or  into  the  combustion 
chamber  in  summer.  Thus  many  elements  in  specific  installa- 
tions make  it  difficult  to  specify  any  general  solution.  Forced 
ventilation  of  some  sort  is  generally  used  and  often  exhaust  steam, 
electric  or  coal-fired  heaters  are  necessary  for  winter  conditions. 
Switch  House  and  Bus  Compartments. — Forced  ventilation  is 
best  in  these  locations  in  order  to  sweep  out  any  dangerous  gases 
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Fig.  21. — Cost  diagram  of  the  70,000-kva.  Seal  Beach  station  of  the  Los 
Angeles  Gas  and  Electric  Company.  Total  investment  cost  approximates  $85 
per  kilowatt. 


,  Station  Grounds 
■'including  Roadways, 
Tracks  and 
Cool  Trestle 


-Intake  and 
Discharge  Canals 

Fig.  22. — Cost  diagram  of  the  70,000-kva.  Devon  station  of  the  Connecticut 
Light  and  Power  Company. 
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and  fumes  that  may  be  present.  The  volume  of  air  to  be  handled 
is  small  and  the  energy  required  for  ventilating  equipment  is 
small.  Care  must  be  taken  to  keep  the  air  at  such  a  temperature 
that  condensation  does  not  occur,  as  this  introduces  an  insulation 
hazard. 

Cost  of  Buildings. — The  cost  of  power  station  buildings  is  so 
variable  that  only  average  ranges  can  be  given.     In  general,  costs 

Table   IX. — Division   of   Costs    op  the   First   200,000-kw,    Unit   of 

Richmond  Station  of  the  Philadelphia  Electric  Company 

with    100,000-kw.  Installed 

Per  Cent  of 
Total  Cost 

Land 3 .  19 

Piers  and  bulkheads 1 .  26 

Dredging 1.16 

Yard  (fill,  track,  paving,  planting) 1 .  33 

Substructure 5 .  94 

Intake  and  discharge  tunnels  and  screening  basin ...        9 .  65 

Superstructure , 26 .  13 

Coal  tower  and  conveyor  structures 3 .  76 

Coal-handling  equipment 1 .  19 

Boilers  and  stokers 10.86 

Draft  equipment,  stacks,   breechings,   flues 1 .39 

Feed-water  equipment 1 .  03 

Boiler  plant  piping 5 .  44 

Miscellaneous  boiler  plant  equipment 3.17 

Main  and  house  turbo-generators  and  foundations ...       8 .  75 

Condensers,  auxiliaries  and  water  system 3 .  04 

Electrical  equipment 10 .  99 

Miscellaneous  plant  equipment 1 .  72 

Total 100.00 

are  figured  on  both  a  square  foot  and  a  cubic  foot  basis.  The 
plain  power  house  made  of  brick  or  steel  with  concrete  floors  will 
cost  from  $4  to  $4.75  per  square  foot  of  floor  area  or  10.0  to  20.0 
cts.  per  cubic  foot  of  interior  volume.  The  cost  of  power  houses  of 
more  pretentious  character  suitable  for  city  installations  and 
having  good  architecture  will  range  from  $6  to  $6.50  per  square 
foot  of  floor  area  or  20.0  to  40.0  cts.  per  cubic  foot.  Other  costs 
connected  with  power  houses  are  also  variable  and  will  be  con- 
sidered later.  Hydro-electric  stations,  in  particular,  differ  very 
much  in  costs  because  of  differences  in  the  cost  of  forebays, 
tunnels,  penstocks,  dams  and  spillways  and  must  be  considered 
as  specific  cases. 
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Fig.  23. — Cost  diagram  of  the  first  and  second  section  of  the  Cahokia  station  of 

the  Union  Electric  Light  and  Power  Company  in  St.  Louis.     70,000  kw. 

Items  included  in  sectors  are  as  follows: 

Per  Cent 

A.  Station  yard 3.5 

Levees,  railroad  tracks,  highway,  concrete  and  riprap  protection. 

B.  Substructure ,■  ■,.  ■  ■  •    ^"^-'^ 

Complete  below  and  outside  of  waterproofing  membrane,  including: 
Machine  foundations. 

Raw  coal  and  ash-handling  yard  structures. 

C.  Superstructure 18.3 

Complete  above  and  within  waterproofing  membrane. 

D.  Fuel  handling  and  preparation 6.5 

Track  scale. 

Car  dump. 

Coal-elevating  and  distributing  equipment. 

Crusher  and  breaker. 

Pulverizing  equipment. 

Pulverized-coal  weighing  and  transport  system. 

(Does  not  include  any  driving  motors  and  controls). 

E.  Steam  and  mechanical  equipment 33.0 

Boilers  and  superheaters. 

Settings  and  furnaces. 
Furnace  control. 
Draft  system. 
Feed- water  system. 
Condenser  system. 
Piping. 

Auxiliary  equipment. 
Turbo-generators. 
Ash-handling  equipment. 

(Does  not  include  generator  end  of  turbo-generators  nor  any  driving 
motors  and  controls  for  mechanical  equipment.) 

F.  Electrical  equipment 21.5 

Station  transformers. 

Switch  controls. 
Storage  batteries. 

(Includes  generator  end  of  turbo-generator  and  all  driving  motors 
and  controls.) 

G.  Prorated  items. 
Engineering  and  drafting. 
Office  at  works. 
Insurance. 

Temporary  construction. 
Shrinkage  on  construction  equipment. 
Preliminary  operation. 
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Grounds. — The  power  station  site  should  be  amply  large  for 
present  conditions  and  should  provide  some  room  for  future 
expansion.  Walks,  shrubbery  and  lawns  are  attractive  features 
surrounding  a  station  and  should  be  provided  if  possible  at  a 
reasonable  cost.     The  complete  site  should  be  surrounded  with  a 


Fig.  24. — Division  of  costs  in  the  Tulsa  station  of  the  Oklahoma  Power  Company. 
30,000  kw. 

General  construction  expenditures,  such  as  engineering  and  supervision,  construction 
office  expenditures,  transportation  of  workmen,  construction  storeroom  expense,  are  dis- 
tributed pro  rata  among  the  six  subdivisions:  (I)  Land  includes  first  cost  of  land,  roads, 
beautifying  grounds,  protection  of  river  bank.  (II)  Buildings  include  substructure  and 
superstructure,  machine  foundations,  pump  houses,  intake  house,  discharge  well,  concrete 
work  at  spray  ponds,  coal  crane  runway,  structural  steel.  (Ill)  Boilers  and  auxiliary 
apparatus  include  boilers,  furnaces,  economizers,  draft  fans,  flues  and  stacks,  fuel-handling 
and  storage  equipment,  oil  burners,  pumps,  stoker,  evaporator,  water-treating  plant,  all 
station  piping.  (IV)  Turbines  and  auxiliary  apparatus  include  turbines,  generators, 
exciters,  condensers  and  auxiliaries,  traveling  and  stationary  screens,  spray  ponds.  (V) 
Electrical  equipment  includes  switchboards,  switches,  meters,  conduit  wires  and  cables, 
battery.  (VI)  Miscellaneous  equipment  includes  cottages  for  employees,  machine  tools, 
turbine  room  crane,  automobiles  and  trucks  for  operation  (but  not  construction). 


metal  fence,  as  this  is  cheapest  to  maintain  and  most  satisfactory 
from  an  investment  and  service  standpoint.  The  grounds  should 
always  be  kept  clean  and  free  from  debris,  as  appearances  count  a 
great  deal  with  the  public  and  react  favorably  on  the  morale  of 
the  employees. 


CHAPTER  IV 

FUELS,  FUEL  HANDLING  AND  ASH  HANDLING  . 

For  producing  steam  various  fuels  are  available,  which  may  be 
classed  as: 

1.  Solid. 

2.  Liquid. 

3.  Gaseous. 

A  station  may  be  equipped  to  burn  any  of  these  types  of  fuel 
or  combinations  and  local  conditions  govern  the  practices.  In 
oil  fields,  for  example,  depending  on  market  price  and  available 
supply,  plants  may  burn  either  coal,  oil  or  gas  as  desired.  In 
most  plants,  however,  coal  is  used  as  the  standard  fuel  and  oil 
or  gas  only  where  special  conditions  make  them  economical  or 
available. 

Coal. — Of  the  solid  fuels,  many  classifications  exist  ranging 
through  anthracite,  semi-bituminous,  lignite,  peat  and  several 
specially  prepared  or  processed  fuels.  Bituminous  coal  is  the 
dominant  fuel  for  producing  steam  because  of  its  lower  cost,  its 
widespread  occurrence  and  its  availability  in  large  amounts. 
But  a  decided  difference  occurs  in  the  quality  of  the  coal  in  the 
different  territories,  so  that  equipment  for  utilizing  the  fuel 
must  be  adapted  to  the  supply  available.  Different  types  of 
stokers,  chain  grates  or  pulverized-fuel  equipments  have  certain 
ranges  of  application  depending  on  the  fuel  analyses. 

Anthracite  coal  is  used  in  a  few  instances  where  plants  are 
located  near  the  mines.  Lignite  and  peat  are  little  used  in  this 
country  because,  at  present  prices,  they  cannot  compete  with 
bituminous  coal.  In  Germany,  however,  much  pioneer  work 
has  been  done  in  burning  these  fuels  and  experience  shows  they 
can-  be  used  successfully. 

Thus  the  production  of  electricity  in  this  country  by  steam 
stations  is  brought  about  very  largely  by  the  consumption  of 
about  40,000,000  tons  of  bituminous  coal  each  year.  And  fuel 
supply  is  a  very  important  item  in  the  industry.  Some  compa- 
nies have  gone  so  far  as  to  purchase  coal  mines,  particularly  when 
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plants  may  be  located  conveniently  near  the  mines,  but  the 
larger  number  purchase  most  of  their  coal  on  a  contract  basis 
and  buy  the  remainder  on  the  open  market. 

Fuel  Specifications. — An  ideal  coal  contract  should  contain  the 
following  clauses: 

1.  Period  of  operation  of  contract,  conditions  for  cancellation 
and  rate  of  delivery. 

2.  Definite  specification  of  the  mine  or  mines  from  which  the 
fuel  will  be  supplied.  Also  a  typical  proximate  analysis,  ash- 
fusing  temperature  and  B.t.u.  in  coal  as  shipped.  Also  it  may 
be  advisable  to  specify  the  type  of  equipment  in  which  shipments 
are  to  be  made. 

3.  Definite  price  per  ton  for  a  basic  quantity  of  fuel  per  week 
with  provisions  for  additional  tonnage  if  required  at  a  price  to  be 
determined  by  specific  conditions. 

4.  Standard  quality  of  coal  with  provisions  for  price  adjust- 
ments for  coal  better  or  worse  than  the  standard.  Particulars 
of  test  methods  and  details  of  guaranteed  specifications  for  the 
coal.  Ash  content  is  the  easiest  and  most  convenient  method  for 
securing  price  adjustments  and  the  sampling  and  analyzing  should 
be  made  in  accordance  with  the  practice  recommended  by  the 
A.S.T.M. 

5.  Provisions  for  precedure  if  deliveries  are  interrupted,  terms 
of  payment  and  provision  for  price  adjustments  should  conditions 
change  materially. 

6.  Arbitration  of  controversial  questions  should  be  provided, 
as  the  buyer  and  seller  may  disagree  on  certain  points. 

These  clauses  must  be  adapted  to  local  conditions  and  to  the 
purchase  of  bituminous  or  semi-bituminous  run-of-mine,  bitumi- 
nous slack,  screenings,  washed  slack,  anthracite  steam  sizes  or 
other  fuels.  It  is  very  difficult  to  make  any  contract  apply  to 
emergency  conditions,  but  the  public  utility  must  exercise  every 
precaution  to  maintain  its  fuel  supply  under  all  conditions. 

Processed  fuels  for  central  stations  and  the  use  of  by-product 
distillation  plants  have  been  discussed  and  some  experimentation 
has  occurred.  National  conservation  of  natural  resources  makes 
such  attempts  worth  while,  but  the  fact  remains  that  the  overall 
economy  is  in  favor  of  the  present  practices  in  fuel  burning. 
Future  developments,  however,  may  warrant  the  installation  of 
by-product  plants  as  adjuncts  to  large  power  stations. 
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Fuel  on.— The  United  States  produces  about  500,000,000  bbl. 
of  crude  oil  yearly  and  about  13,000,000  bbl.  are  burned  in  power 
stations  of  all  types.  Price  differentials  and  fluctuations  as 
compared  to  coal  prevent  its  greater  use  in  power  plants.  Diesel 
plants  have  been  used  successfully  in  small  stations,  but  there 
has  been  little  popularity  for  the  Diesel  engine  in  large  stations 
in  this  country  up  to  the  present  time. 

Fuel  oil  is  delivered  on  a  volume  basis  with  a  gage,  stick,  plumb 
line  or  other  mechanical  method  of  measurement;  60°F.  is  taken 
as  standard,  and  a  corrective  temperature  coefficient  is  0.0004  per 
degree  Fahrenheit.  The  oil  should  be  purchased  on  a  specification 
basis  as  to  B.t.u.  content  and  proximate  analysis  and  the  contract 
should  contain  delivery  provisions,  price  provisions  and  provi- 
sions for  handling  analyses  and  price  corrections. 

Residue  from  refineries  and  tar  have  been  burned  successfully 
under  boilers  but  no  great  use  is  made  of  these  fuels. 

Gas  Fuels.^ — Natural  gas,  producer  gas,  blast-furnace  gas  and 
coke-oven  gas  are  all  used  to  a  limited  extent  under  boilers. 
Natural  gas  occurs  only  in  certain  localities  and  is  limited  in 
amount,  the  other  gases  are  used  chiefly  in  local  manufacturing 
plants,  such  as  steel  mills.  Gas  and  oil,  although  very  satis- 
factory as  fuels,  appear  to  have  no  prospect  of  very  extensive 
applications  in  central  stations,  although  the  development  of 
by-product  plants  may  offer  more  opportunity  for  the  use  of  gas 
in  power  stations. 

Coal  Purchases. — Coal  purchases  should  be  based  on  producing 
energy  at  the  lowest  cost  rather  than  on  the  basis  of  the  greatest 
B.t.u.  content  per  dollar.  The  handling  of  the  fuel,  the  firing 
equipment,  the  labor  and  the  investment  charges  should  all  be 
considered.     Among  the  factors  are: 

1.  Cost  of  coal  dehvered  into  the  furnaces. 

2.  Cost  of  coal-handling  and  ash-handling  machines,  crushers 
and  buildings. 

3.  Cost  of  handling  ash  and  disposing  of  it. 

4.  Cost  of  labor  and  combustion  equipment  in  securing  proper 
combustion  with  coals  of  different  types. 

5.  Cost  of  preventing  slagging,  clinkering  or  other  operating 
troubles. 

For  many  reasons  a  satisfactory  coal  should  have  a  volatile 
content  less  than  20  per  cent,  as  little  ash  as  possible,  an  ash- 
fusing  temperature  not  less  than  2450°F.  and  should  be  capable 


50 


ELECTRIC  POWER  STATIONS 


of  storage  for  long  periods  without  trouble  from  spontaneous 
combustion.  After  general  considerations  have  been  used  to 
determine  the  field  of  choice  of  fuels,  it  is  possible  to  decide  on  the 
specific  fuel  for  use  with  stokers  by  using  the  ash  content  as  the 
determining  element.  E.  B.  Rickettsi  has  proposed  a  formula 
for  determining  this  condition  on  the  basis  of  comparing  any  coal 
to  a  standard  coal  having  5  per  cent  ash.  Figure  25  shows  curves 
which  are  useful  in  the  solution  of  the  problem.  The  ratio  of  the 
maximum  capacity  of  the  boiler  plant  with  20  per  cent  ash  in  the 
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Fig.  25. — Chart  for  determining  the  cost  of  coal  on  the 
(E.  B.  Ricketts,  A.S.T.M.,  1922.) 

coal  to  the  capacity  when  using  coal  with  5  per  cent  ash  is  called 
the  capacity  ratio  (curve  1).  .  The  pounds  of  refuse  per  ton  from 
X  per  cent  ash  coal  is  given  by  curve  2.  Curve  3  shows  the 
tons  of  coal  with  x  per  cent  ash  to  produce  100,000,000  B.t.u.  in 
steam.  No  account  is  taken  of  difference  in  labor  costs,  as  these 
are  small  items.  The  data  are  experimental  and  based  on  plants 
in  New  York  and  Cincinnati  and  represent  averages  for  an  under- 
feed stoker  plant. 

Two  sets  of  formulas  are  prepared  for  applying  these  curves  to 
all  conditions.  The  first  set  takes  into  account  the  relative  coal 
cost  of  a  given  number  of  B.t.u.  in  the  steam  plus  the  cost  of  ash 
handling  and  removal,  and  the  second  set,  in  addition  to  the  items 

lA.S.T.M.,  1922. 
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considered  in  the  first  set,  takes  into  account  the  extra  investment 
in  boiler  plant  to  burn  the  high-ash  coal.  At  maximum  rating, 
3,000  boiler  hp.  will  produce  100,000,000  B.t.u.  in  steam  per 
hour.  If  the  boiler  plant,  including  land,  building,  etc.,  cost  SlOO 
per  maximum  horsepower  when  using  5  per  cent  ash  coal,  then 


Fig.  26. — A  modern  stoker  in  the  Calumet  station  of  the  Commonwealth 
Edison  Company.  The  stoker  is  24  ft.  wide,  18  ft.  3  in.  long  and  burns  35  lb. 
of  Illinois  coal  per  hour  per  square  foot  of  grate  surface  to  maintain  240  per  cent 
rating  on  a  B.  &  W.  boiler  having  10,089  sq.  ft.  of  heating  surface.  The  furnace 
volume  is  11.8  cu.  ft.  per  square  foot  of  grate  surface.  The  stoker  has  a  maxi- 
mum rating  of  55  lb.  of  coal  per  square  foot  of  grate  surface. 

the  total  cost  would  be  $300,000,  which  at  15  per  cent  overhead 
charge  equals  $45,000  per  year,  or  $5.13  per  hour. 
Let  X  =  cost  in  dollars  per  net  ton  of  5  per  cent  ash  coal  in  bunk- 
ers (exclusive  of  ash  handling). 
Y  =  value  in  dollars  per  net  ton  of  x  per  cent  ash  coal  in 
bunkers  (exclusive  of  ash  handling). 
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A  =  load  factor  = 

total  steam  generated  per  year 


steam  generated  at  maximum  hour  X  8,760 
B  =  cost  of  boiler  plant  per  maximum  horsepower  divided 

by  100. 
C  =  tons  of  5  per  cent  ash  coal  to  produce  100,000,000  B.t.u. 

in  steam  (4.67)  (curve  3). 
D  =  tons  of  X  per  cent  ash  coal  to  produce  100,000,000  B.t.u. 

in  steam  (curve  3). 
R  =  capacity  ratio  (curve  1). 
S  =  pounds    of  refuse  per  ton  from  x  per  cent  ash  coal 

(curve  2). 
T  =  pounds  of  refuse  per  ton  from  5  per  cent  ash  coal  (160 

lb.)  (curve  2). 
U  =  cost  of  ash  handling  and  removal  in  dollars  per  pound. 
Then,  neglecting  investment, 
Y  =  CX/D. 
Z  =  Y  -  (S  -  T)U. 
If  investment  is  considered  also, 

CX  +  (5.13^/A)  -  {5.13B/AR) 
^  ~  D 

Z  =  Y  -  (S  -  T)U. 

Example. — When  5  per  cent  ash  coal  costs  $3  per  ton  in  the  bunkers,  ash 

handling  and  removal  costs  20  cts.  per  ton,  the  load  factor  is  50  per  cent 

and  additional  boiler  plant  would  cost  $90  per  maximum  horsepower  with 

5  per  cent  ash  coal,  to  determine  the  economic  limit  of  cost  for  20  per  cent 

ash  coal. 

X  =  $3,  A  =  0.50,  B  =  0.90,  C  =  4.67 

D  =  6.75  (curve  3),  R  =  0.736  (curve  1) 

S  =  840,  T  =  160  (curve  2),  U  =  0.0001 

.  .7  y  „    ,  513  X  0.90  _  5.13  X0.90 

,x.  V  "^        050  0.50X0.736        .^  ,_ 

then  Y  = ^-^^ =  $1.59 

0.75 

Z  =  1.59  -  [(840-160)  X  0.0001)]  =  $1.52 

Coal  Handling. — The  size  of  station,  the  reliability  of  coal 
deliveries  and  the  location  of  the  station  have  an  important 
bearing  on  coal  arrangements.  It  is  advantageous  to  have  both 
rail  and  water  transportation  facilities  for  fuel  but  the  larger 
number  of  stations  rely  on  rail  deliveries  only.  A  few  companies 
own  their  own  rolling  stock  or  barges  but  the  larger  number 
receive  the  fuel  in  the  equipment  owned  by  the  transportation 
companies. 
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The  quantity  of  coal  that  is  necessary  in  storage  in  order  to  care 
for  seasonal  deliveries,  strikes  or  other  emergencies  is  determined 
by  many  conditions.     A  great  sura  of  money  is  tied  up  in  fuel 


Fig.  27. — Cross-section  of  boilers  in  the  Hell  Gate  station  of  the  United  Electric 
Light  and  Power  Company.  The  boilers  are  cross-drum  type  with  18,900  sq.  ft. 
of  heating  surface  and  are  double  fired  with  Taylor  stokers.  At  the  bottom 
of  the  ash  pit  are  two  clinker  guider  rolls,  the  tops  of  which  move  outward  to  crush 
the  clinkers  against  two  hinged  crusher  plates.  The  ash  falls  into  the  inclined 
trough  and  is  sluiced  to  a  central  ash  pit  outside  the  station. 


storage,  yet  the  fuel  supply  must  be  guaranteed  so  that  even 
mouth-of-mine  stations  use  outdoor  storage.  From  3  to  9 
months'  fuel  supply  in  storage  is  the  customary  range  of  storage 
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supply.  If  land  values  are  high,  deliveries  reliable  and  the 
station  large,  a  smaller  quantity  is  held  in  storage  than  when 
plants  are  located  in  the  country  and  have  poor  delivery  facilities. 
Preferably,  coal  should  be  stored  adjacent  to  the  plant,  but  local 
conditions  often  prevent  this  practice  and  the  coal  storage  yard 
is  located  at  some  distance  from  the  plant. 

Coal  storage  introduces  a  hazard  due  to  spontaneous  combus- 
tion and  care  must  be  exercised  to  care  for  this  condition.  Some 
plants  have  gone  so  far  as  to  use  underwater  storage.     Bulletin 


Fig.  28. — A  belt  conveyor  is  frequently  used  with  tripping  device  for  distributing 
coal  to  bunkers. 


116  of  the  Illinois  University  Experiment  Station  gives  an 
authoritative  treatment  of  spontaneous  combustion  of  fuels. 
Also  coal  storage  introduces  added  elements  of  cost  because  of  a 
greater  amount  of  fuel  handling  and  because  of  slacking,  freezing 
and  other  occurrences.  Yet  these  costs  may  be  offset  by  price 
differentials  granted  by  the  coal  producers  for  seasonal  purchases 
and  by  questions  involving  service  reliability. 

The  larger  stations  with  rail  delivery  of  coal  generally  favor  the 
use  of  car  dumpers  for  unloading  coal,  but  locomotive  and  bridge 
cranes  with  grab  buckets  are  found  at  many  plants.  In  storage 
yards  locomotive  and  bridge  cranes  with  grab  buckets  are  used  to 
store  the  coal  and  to  place  it  in  cars  or  on  conveyors  for  use  at 
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the  power  station  as  wanted.  Locomotive  cranes,  bridge  cranes, 
tractors  with  drag  hne  buckets  and  belts  are  used  to  spread 
coal  in  the  storage  yards. 

Cars  are  cheaply  unloaded  by  dumping  them  into  track 
hoppers  whence  the  coal  may  go  to  a  crusher  or  to  the  storage 
yard.  Coal  from  the  crusher  is  usually  conveyed  by  belts  on 
horizontal  planes  and  by  bucket  conveyors  on  a  vertical  plane  to 
the  boiler  room.  In  some  cases,  a  coal  tower  mth  a  grab  bucket 
raises  the  coal  to  the  top  of  the  boiler  plant  from  which  it  goes  by 
gravity  through  the  crusher  and  to  the  distributing  conveyors  or 
cars  in  the  boiler  house.  The  object  to  be  attained  is  to  get  the 
most  economical  and  most  reliable  delivery  of  coal  to  yard  or  to 


Fig.   29. — Water-sealed   ash  pit   of   the   Springdale   station   of   the   West   Penn 
Power  Company.  / 


boiler  room.     The  shortest  distance  possible  and  a  direct  route 
are  desirable  features. 

When  barge  coal  is  available,  the  grab  bucket  and  coal  tower 
are  commonly  used.  A  modern  installation  of  this  character  is 
found  at  the  Richmond  station  of  the  Philadelphia  Electric 
Company.  A  coal  tower  is  equipped  with  two  hoists  of  325  gross 
tons  per  hour  capacity.  The  coal  passes  from  the  hoist  bucket 
to  grizzly  screens  then  to  picking  tables  and  crushers  with  the 
equipment  arranged  with  two-way  hoppers  so  as  to  take  the 
uncrushed  coal  to  any  desired  crusher  and  the  crushed  coal  to 
the  desired  belt  conveyor.  The  coal  may  also  be  by-passed  from 
the  hoist  directly  to  the  belt  conveyors  if  this  is  desired.  The 
main  belt  conveyors  pass  over  weightometers  at  the  coal  tower 
and  then  to  the   conveyor  bridge  in  fireproof  compartments 
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and  thence  to  duplicate  sets  of  cross-conveyors  over  each  row 
of  bunkers. 

Stations  using  pulverized  fuel  handle  coal  directly  from  cars, 
barges  or  storage  yard  by  conveyors,  buckets  or  hoists  to  the  coal 
preparation  plant.  In  order  to  eliminate  metal  pieces  and 
prevent  injury  to  the  pulverizing  mills  a  magnetic  separator  is 
usually  inserted  on  a  belt  conveyor. 

The  coal  may  be  weighed  in  several  ways — railroad  weights 
may  be  taken,  weighing  hoppers  may  be  located  at  the  exit  from 


Fig.  30. — A  gondola  car  dumper  in  operation  at  the  Cahokia  plant  of  the  Union 
Electric  Light  and  Power  Company. 

the  crusher,  car  scales  may  be  installed,  conveyor  scales  may  be 
used  or  automatic  weighing  may  be  done  with  the  coal  lorry. 
Two  typical  and  much  favored  installations  are: 

1.  A  low-hoist  grab  bucket  coal  tower  near  the  building  con- 
taining crusher  and  scales,  from  which  the  fuel  goes  by  belt 
conveyors  to  the  station  and  is  carried  by  bucket  elevators  to 
the  top  of  the  building  and  thence  is  distributed  to  the  bunkers  by 
a  belt  conveyor  and  automatic  tripper,  or  a  cable  car. 

2.  A  high-hoist  tower  equal  to  the  height  of  the  station  con- 
taining crushers  and  scales  from  which  the  coal  is  delivered  by 
gravity  to  belt  conveyors  or  cable  cars  for  bunker  distribution. 
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The  belt  conveyors  operate  at  speeds  from  300  to  450  ft.  per 
minute  and  the  bucket  elevators  at  100  to  200  ft.  per  minute. 
Belt  conveyors  cost  from  $2  to  $3  per  inch  width  per  foot  length 
while  bucket  conveyors  cost  from  4  to  5  cents  per  ton  capacity  per 
hour  per  foot  length.  Empirical  formula  have  been  devised  for 
determining  the  energy  consumption  of  conveyors  and  elevators.^ 

When  the  fuel  is  dirty  and  poor  in  quality  but  low  in  price,  as 
in  some  plants  using  anthracite  "fines,"  a  washer  installation'is 


Fig.  31. — Modern  coal  storage  yard  on  the  Hudson  River. 

found  to  be  profitable,  as  the  washed  coal  can  be  burned  with  less 
trouble  due  to  dirt  and  with  a  higher  combustion  efficiency. 

Sampling  of  the  coal  upon  delivery  should  be  followed  and  great 
care  must  be  exercised  in  securing  a  representative  sample  of  the 
shipment.  At  least  1,000  lb.  of  fuel  should  be  selected  for  the 
first  sample  and  this  should  contain  a  representative  amount  of 
large  and  small  sizes.  A  good  coal  laboratory  is  needed  to  secure 
accurate  results  in  coal  testing,  and  standardized  sampling  and 
testing  methods  should  be  followed. 

Useful  Formula. — In  making  heat  computations  for  fuels,  a 
fundamental  formula  is  useful  which  gives  the  theoretical  air 
requirements  to  burn  1  lb.  of  coal  :^ 

iSee  "Standard  Handbook,"  5th  ed.,  p.  736. 

2  U.  S.  Bureau  of  Mines. 


58 


ELECTRIC  POWER  STATIONS 


W  =  0.1158C  +  0.3448H  -  0.04336(0  -  S), 
where  W  =  pounds  of  air  per  pound  of  fuel. 

C  =  percentage  of  carbon,  ultimate  analysis. 
H  =  percentage  of  hydrogen,  ultimate  analysis. 
0  =  percentage  of  oxygen,  ultimate  analysis. 
S  =  percentage  of  sulphur,  ultimate  analysis. 
Another  simpler  formula  gives  the  heat  value  of  coal  from  a 
proximate  analysis.^ 


Fig.  32. — Clam  shell  and   crane  on  temporary  tracks  for  handling  coal  in  a 
storage  yard. 

where  C  and  V  are  the  fractional  weights  of  fixed  carbon  and 
volatile  respectively  in  the  coal,  and  the  heat  value  from  the 
ultimate  analysis  is:^ 


B.t.u.  =  14,544C  +  62,028 


(''-?) 


+  4,0505, 


where  C,  carbon;  H,  hydrogen;  0,  oxygen;  and  S,  sulphur  are  the 
fractional  parts  in  1  lb.  of  coal. 

1  Locke. 

2  DULONG. 
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Pulverized  Coal. — Several  plants  have  used  pulverized  coal 
under  boilers  recently.  In  most  cases  a  major  reason  for  this 
was  because  poor  coal  was  available  or  because  coal  having 
different  characteristics  was  used  at  different  times.  Other 
flexible  features  connected  with  the  burning  of  powdered  fuel, 
such  as  bringing  up  boilers,  eliminating  banking  losses  and  getting 
quick  responses  to  load  changes,  have  also  proved  advantageous. 
The  inherent  conditions  of  efficiency  in  burning  fuel  under  boilefs, 
with  either  pulverized  fuel  and  stokers  is  about  the  same  with 
equipment  adapted  to  the  installation,  and  the  fuel  used  and  local 
fuel  conditions  and  local  operating  conditions  usually  determine 
whether  to  use  stokers  or  pulverized  fuel.  Both  types  of  equip- 
ment are  being  improved  from  year  to  year. 


Fig.  33. 


-A  cua,l  towur  and  an  aah  tower  are  favored  by  the  Philadelphia  Electric 
Company  at  the  Delaware  station. 


The  pulverized-fuel  equipment  is  of  two  general  types,  called 
the  "bin  system"  and  the  "unit  system."  In  the  bin  system  a 
central  preparation  house  is  used  and  bins  are  used  to  store  the 
pulverized  fuel  after  it  is  prepared  and  before  it  is  used.  This 
system  usually  requires  a  coal  preparation  plant  as  a  separate 
building  installation  either  inside  of  or  adjacent  to  the  boiler 
room  proper.  The  advantage  of  this  system  is  that  a  fuel  reser- 
voir, so  to  speak,  is  interposed  between  the  coal  preparation 
plant  and  the  boilers,  so  that  a  certain  reserve  is  maintained. 
The  disadvantage  is  that  more  equipment  is  used,  greater  space 
is  required,  and  thus  the  investment  cost  is  usually  larger. 

The  unit  system  involves  the  use  of  a  preparation  plant  for 
each  boiler  and  direct  firing  of  the  fuel  as  it  is  prepared.     A 
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Table  X. — Composition  and  Heat  Value  of  United  States  Coals' 


County,  bed  or  local  name 


Proximate  analys 
"as  received" 


|fi 


Ultimate  analysis 
"as  received" 


oja-g 


^  3  fc. 


Alabama: 

Bibb.  Belle  Ellen 

Jefferson,  Dolomite 

Jefferson,  Littleton 

St.    Clair,    Davis    (Tillman 
Station) 

Shelby,  Straven 

Tuscaloosa,  Avernant 

Alaska: 

Alaska  Peninsula,  Chignik 
Bay,  Thompson  Valley . . 

Bering  River,  Hartline 

Cook  Inlet,  Port  Graham.  . 

Matanuska,     Matanuska 
River 

Seward  Peninsula,  Chicago 

Creek 

Arizona: 

Navajo,  Oraibi 

Arkansas: 

Logan,  Paris 

Pope,  Russell ville 

Sebastian,  Greenwood 

California: 

Monterey,  Stone  Canyon.  . 
Colorado: 

Boulder,  Lafayette 

El  Paso,  Pikeview 

Garfield,  Newcastle 

Montezuma,  Cortez 

Weld,  Platteville 

Georgia: 

Chattooga,  Menlo 

Idaho: 

Fremont,  Hayden 

lUinois: 

Clinton,  "Germantown 

Franklin,  Zeigler 

La  Salle,  "La  Salle 

Macoupin,  "Staunton 

Madison,  Collinsville 

Marion,  "Centralia 

Montgomery,  Panama 

St.  Clair,  "Shiloh 

Saline,  Harrisburg 

Sangamon,  "Auburn 

WilHamson,  Carterville.  . .  . 

Williamson,  Herrin 

Indiana: 

Clay,  "Brazil 

Greene,  "Linton 

Knox,  "Bicknell 

Parke,  "Rosedale 

Pike,  "Littles 

Sullivan,  Dugger 

Vigo,  "Macksville 

Warrick,  Elberfeld 

Iowa: 

Appanoose,  "Centerville.  .  . 

Lucas,  "Chariton 

Polk,  "Altoona 

Wapello,  "Laddsdale 

Kansas: 

Cherokee,  "Scammon 

Crawford,  Fuller 

Leavenworth,  Lansing 

Linn,  "Jewett 

1  U.  S.  Bureau  of  Mines. 


3.16 
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3.39 
3.83 
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10.77 
4.75 


1.72 
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2.77 
2.07 
3.21 

6.95 

19.15 
26.20 

4.45 
3 


3.80 

11.45 

11.35 

11.82 

12 

13.54 

12.70 

9.95 
13.31 
11 

6.01 
16.00 

9.18 

8.80 


13.58 
12.08 
10.72 
11.12 
13.48 
12.82 


14.08 
15.39 
13.88 
8.24 

2.50 
4.85 
11.10 
9.04 


31.05 
25.40 
26.94 


32.03 
24.18 


30.37 
13.72 
38.73 

24.36 

26.14 


14.69 
9.81 
14.84 

46.69 

30.82 
29.67 
42.05 
37.01 

28.83 

15.88 
37.24 


26.85 
32.07 
32.48 
39.29 
36.98 
32.51 
34.80 


35.59 
30 .  49 
36.94 
30.74 

33.80 
33 .  53 
35.51 
29.69 


59.56 
67.75 
59.48 

57.08 
58.66 
64.11 


43.99 
63.31 
32.46 

58.97 

32.16 


73.47 

78.82 
72.66 

40.13 

44.27 
37.67 
49.56 
46.58 
37.25 

65.83 

47.01 

40.63 
55.10 
41.80 
40.03 
41.47 
42.06 
41.34 
39.42 
54.32 
37.82 
55.40 
53.83 

38.87 
46.20 
44.42 
41.42 
42.55 
48.38 
42.08 
41.04 

39.37 
41.49 
35.17 
45.02 


51.25  12.45 
52.521  9.10 
40.69  12.70 
45.55115.72 


6.23 
3.69 
11.05 

8.84 
5.48 
9.09 


14.87 
18.22 
8.85 


9.07 
9.30 
9.29 

6.23 

5.76 
6.46 
3.94 
12.52 
5.02 

14.49 

4 


1.20 
0.56 
0.79 

2.34 
0.97 
0.64 


5.33 
5.05 
4.80 

5.18 
5.29 
4.72 


0.70  4.98 
0.623.14 
0.52  5.81 


13.40 
5.42 
8.92 
10.74 
9.47 
13.23 
11.73 
13.19 
7.30 
13.77 
8.12 
7.52 

17.37 
8.15 

11.02 
8.57 
9.35 
5.63 

10 

10.68 

10.96 
12.63 
14.01 
16.00 


0.46 
0.65 


2.79 
1.74 
3.12 

4.17 

0.25 
0.30 
0.44 
7.04 
0.46 

1.27 

0.54 

4.76 
0.46 
3.92 
4.03 
3.67 
3.87 
3.75 
4.38 
1.66 
4.05 
0.90 
1.13 

1.89 
0.91 
3.65 
3.83 
3.78 
1.09 
3.27 
4.79 

4.26 
3.19 
6.15 
5.03 

5.68 
4.95 
3.99 
3.72 


4.46 
6.12 


4.02 
3.62 
3.75 


5.93 
6.13 
5.43 


4.32 
5.94 


78.28 
82.28 
74.44 

73.81 
77.26 
77.52 


55.27 
65.93 
49.53 

70.78 

41.79 


78.71 

28 

78.37 


49.36 
72.57 
19 


7.59 
7.06 
7.33 

8.30 
9.75 
6.55 


23.57 
10.77 
34.37 

7.93 

45.89 


3.95 
3.59 
3.95 


1.17  16.14 

1.08  30.60 
0.66  37.09 
1.72  15.90 
1.16  8.13 
0.93  38.59 


0.61 
1.32 
0.92 

1.42 

0.67 


14,141 
14,616 
13,286 

13,363 
13,799 
13,729 


9.641 
10,820 
8,793 


70.59  1.09 
68.09  1.40 


5.48 
5.65 
5.34 
5.86 
5.63 
5.94 
5.66 
5.39 

5.57 

5.74 
5.52 
4.81 

4.91 
5.08 
5.30 
5.01 


87 
29 
69 
91 
64 
07 
15 
63 
89 
45 
70 

52.97 
63.53 
60.45 
63.48 
63.01 
66.01 
61.16 
62.36 

58.49 
55.81 
.54 .  68 
59.82 

69.07 
71.20 
60.72 
60.99 


1.05 
1.34 
1.00 
0.95 
0.99 
1.04 
0.95 
0.94 
1.34 
0.91 
1.14 
1.33 


1.01 
1.42 

l!l6 
1.13 


8.24 
19.73 


21.28 
20.34 
18.65 
17.10 
17.10 
1.49  19.84 
1.03  18.58 
1.28  15.50 


0.90 
1.14 
0.84 
0.94 

1.20 
1.24 
1,13 
1.06 


19.82 
21.49 
18.80 
13.40 

6.69 
8.43 
16.16 
13.50 


10,800 

13,774 
13,702 
13,588 

12,477 

9,616 
8,352 
13,129 
12,341 
8.465 

12,791 

12,094 

10,733 
11,961 
11,399 
10,807 
10,989 
10,960 
10,548 
10,699 
12,793 
9,940 
12,015 
12,222 

9,524 
11,419 
11,011 
11,767 
11,549 
11,788 
11,119 
11,412 

10,723 
10,242 
10,244 
11,027 

12,900 
12,942 
11,065 
11,142 


Samples  from  car  delivers;  all  others  are  mine  samples. 
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Table    X. 


-Composition   and    Heat   Value    of   United    States 
Coals.' — {Continued) 


County, 


Proximate  analysis 
"as  received" 


Ultimate  analysis 
"as  received" 


Kentucky: 

Johnson,  Flambeau 

Muhlenberg,  Central  City. 

Ohio,  McHenry 

Pike,  Hellier 

Webster,  Wheatcroft 

Maryland: 

Allegany,  Eckhart 

Allegany,  Frostburg 

Allegany,  Lord 

Allegany,  Midland 

Allegany,  Washington 

Michigan: 

Saginaw,  Saginaw 

Missouri: 

Adair,  Kirksville 

Caldwell,  Hamilton 

Henry,  Windsor 

Lafayette,  Napoleon 

Macon,  Bevier 

Ray,  Richmond 

Montana: 

Carbon,  Bear  Creek 

Cascade,  Geyser 

Custer,  Miles 

Fergus,  Lewistown 

Missoula,  Missoula 

Yellowstone,  Musselshell .  . 
New  Mexico: 

Colfax,  Raton 

Lincoln,  White  Oaks 

M'Kinley,  Blackrock 

North  Dakota: 

Morton,  Leith 

M'Lean,  "Wilton 

Stark,  "Lehigh 

Williams,  "Williston 

Ohio: 

Belmont,  "Bellaire 

Guernsey,  "Danford 

Jackson,  "Wellston 

Jefferson,  Amsterdam 

Noble,  Belle  Valley 

Perry,  "Dixie 

Oklahoma: 

Coal,  Lehigh 

Haskell,  McCurtain 

Pittsburgh,  Carbon 

Pittsburgh,  McAlester 

Oregon: 

Coos,  Beaver  Hill 

Pennsylvania: 

Allegheny,  Bruceton 

Allegheny,  Oak  Station       . 

Allegheny,  Scott  Haven.  .  . 

Bedford,  Hopewell 

Cambria,  Barnesboro 

Cambria,  Beaverdale 

Cambria,  Carrolltown  Road 

Cambria,  Fallen  Timber.  .  . 

Cambria,  Hastings 

Cambria,  Johnstown 

Cambria,  Nanty  Glo 

Cambria,  Portage 

Cambria,  St.  Benedict 


2 

8.73 

9.89 

3.73 

6.29 


11.91 

15.98 
10.99 
13.51 
13.44 
16.25 
13 

9.67 
8.76 
29.13 
15.35 
24.70 
16.66 

2.12 
2.52 
14 

36.18 
35 

35.38 
36.78 

4.14 
6.65 
7.71 
3.50 
5.15 
7.55 

7.07 
2.70 
2.09 
3.58 

16.10 


48.40 
37.76 
35.94 
30.01 
31.97 

14.50 
14.50 
16.05 
15.50 
15.00 

31.50 

38.15 
35.00 
33.24 
32.00 
33.38 
34.29 

35.92 
25.72 
25.33 

28.27 

29 

27.85 

36.06 
34.63 
34.93 

29.77 
31.92 
29.59 
28.16 

39.30 
33.94 
38.32 
37 .  98 
37.34 
38.00 

41 
21.07 
27.59 
32.11 

31.10 


2.73 

3.48 

2.60 

1.58 

2.87 

3.44 

0.93 

3.34 

2.89,23 

1.32  14 

2. 8419 

3.52  17 

2.94  19 


21. 


38.75 
45.93 
43.36 
59.42 
54.13 

74.00 

75 

75.86 

74.50 

75.10 

49.75 

37.18 
41.37 
41.88 
40.27 
40.97 
40.66 

46.39 
50.36 
30.51 
48.08 
26.11 
48.07 

50.22 
45.99 
41.56 

25.35 
24.37 
25.68 
29.97 

47.18 
48.86 
42.02 
51.08 
49.00 
46.08 

45.68 
69 .  SS 
50.25 
59.04 

39.63 


10.49 
7.58 

10.81 
6.84 
7.61 


6.70 
5.83 
6.90 
6.50 

6.84 


12.64 
11.37 
14.29 
9.40 
11.49 

8.02 
15.16 
15.03 

8.30 
19.86 

7.42 

11.60 
16.86 

8.82 

8.70 
7.75 
9.35 
5.09 

9.38 
10.55 
11.95 
7.44 
8.51 
8.37 

10.84 
6 .  35 

20.07 
5.27 

13.17 


1.20 
2.65 
3.64 
0.56 
1.35 

1.00 
0.92 
0.79 

l!04 

1.24 

4.12 
4.81 
4.08 
3.08 
41 
3.77 

1.64 
3.91 
0.55 
4.53 
0.85 
1.00 

0.64 
0.76 
0.79 

0.68 
1.15 
1.55 
0.48 

3.96 
3.13 
4.61 
3.09 
2.94 
2.84 

3.64 
0.77 
5.73 
0.56 

0.81 

1.39 
1.18 
0.77 
1.94 
1.52 
1.83 
1.30 
1.80 
1.37 
1.57 
1.85 
1.06 
76  5 


6.47 
5.52 
5.37 
5.07 
5.49 

4.44 
4.51 
4.68 
4.57 
4.63 

5.84 


5.43 

5 

5.62 

5.75 

5.65 

5.52 
4.40 
5.60 
5.42 
5.56 
5.61 

4.94 
4.97 

5.82 

.76 
.54 
.61 
.93 

5.19 
5.30 
5.41 
5.43 
5.42 
5.48 

5.13 
4.46 
4.46 
5.31 

5.53 


71.98 
67.65 
62.27 
76.30 
69.78 

79.21 
80.99 
82.45 
80.71 


66.56 

59.09 
60.40 
59.16 
55.83 
58.25 
58.16 

6.166 
58 .  93 
40.09 
61.15 
39.04 
59.22 

69.96 
66.65 
60.93 

39.45 
41.43 
40.23 

41.87 

69.58 
67 .  38 
62.49 
73.39 
70.51 
67.02 

64 .  38 
81 .  33 
63 .  66 
77.11 

51.07 

76.82 
75.73 
78.16 
77.01 
80.53 
80.61 
81.64 
76.78 
79.49 
81.19 
80.83 
82.06 
79.78 


1 

1.42 

1 

1.06 

1.37 

1.69 
1.77 
1.73 
1.69 
1.55 

1.19 

0.94 
1.16 
0.85 
0.98 
1.05 
1.04 

1.48 
0.79 
0.54 
0.71 
0.74 
0.97 

1.33 
1.32 
1.12 

0.59 
1.21 
0.54 
0.69 

1.20 
1.20 
1.11 


1.29 

1.44 
1.67 
1 .  33 
1.62 

1.19 

1.46 
1.45 
1.45 
1.44 
1.19 
1.20 
1.26 
1.25 
1..30 
1.39 
1.32 
1.23 
1.26 


8.70 
15.18 
16.58 
10.17 
14.40 

4.86 
5.11 
4.52 
5.32 
5.60 

18.33 

21.26 
15.56 
18.65 
20.20 
22.14 
19.89 

21.68 
16.81 
38.19 
19.89 
33.95 
25.78 

11.53 

9.44 

22.52 

43.82 
41.92 
41.72 
44.94 

10.69 
12.44 
14.43 
9.19 
11.12 
15.00 

14.57 
5.42 
4.75 

10.13 

28.23 


13,770 
12,208 
11,392 
13,649 
12,874 

13,910 
14,100 
14,483 
14,070 
14,160 

11,781 

10,798 
11,093 
10,779 
10,2.32 
10,625 
10,771 

10,832 
10,127 

6,662 
10,615 

6,727 
10,226 

12,965 
11,956 
10,809 

6,700 
7 ,  069 
6,923 
7,204 

12,874 
12,179 
11,515 
13,286 
12,733 
12,128 

11,468 
14,098 
11,695 
13,615 

9,031 

13,815 
13,700 
14,085 
13,408 
14,177 
14,114 
14,485 
13,618 
14,107 
14,047 
14,285 
14,278 
14,143 
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Table  X. 


-Composition  and  Heat  Value  of  United  States 
Coals.  ^ — (CouHnued) 


County,  bed  or  local  name 


Proximate  analysis 
"as  received" 


Ultimate  analysis 
"as  received" 


Pennsylvania — Continued: 

Cambria,  Van  Ormer 

Cambria,  Vintondale 

Cambria,  Windber 

Center,  Osceola  Mills 

Clarion,  Blue  Ball  Station. 

Clearfield,  Boardman 

Clearfield,  Philipsburg 

Clearfield,  Smoke  Run 

Fayette,  Connellsville 

Indiana,  Clymer 

Indiana,  Glen  Campbell.  .  . 

Jefferson,  Sykesville 

Lackawanna,  Dunmore.  .  .  . 

Luzerne,  Pittston 

Schuylkill,  Minersville 

Schuylkill,  Tower  City 

Somerset,  Jerome 

Somerset,  MacDonaldton .  . 

Somerset,  Windber 

Sullivan,  Lopez 

Washington,  Marianna    .  .  . 

Westmoreland,  Greensburg 
Rhode  Island: 

Newport,  Portsmouth 

Providence,  Cranston 

South  Dakota: 

Perkins,  Lodgepole 

Tennessee: 

Anderson,  Briceville 

Campbell,  Lafollette 

Rhea,  Dayton 

Texas: 

Houston,  Crockett 

Wood,  Hoyt 

Utah: 

Carbon,  Sunnyside 

Emery,  Emery 

Iron,  Cedar  City 

Summit,  Coalville 

Virginia: 

Henrico,  Gayton 

Lee,  Darby ville 

Russell,  Dante 

Tazewell,  Pocahontas 

Wise,  Georgel 

Washington: 

King,  Black  Diamond 

King,  Cumberland 

Kittitas,  Roslyn 

Pierce,  Carbonado 

Thurston,  Centralia 

West  Virginia: 

Fayette,  Carlisle 

Fayette,  Fayette 

Fayette,  Hawks  Nest 

Fayette,  Kay  Moor 

Fayette,  MacDonald 

Fayette,  Page 

Fayette,  Sun 

Logan,  Holden 

M'Dowell,  Ashland 


2.73 
3.63 
3.30 
2.08 
1.90 
2.95 
0.90 
3.73 
3.24 
2.06 
3.08 
2.44 
3.43 
2.19 
2.76 
3.33 
1.44 
1.03 
2.40 
3.16 
1.44 
2.14 

22.92 
4.54 


1.70 
2.92 
1.76 

34.70 
33.71 


2.81 
3.42 
2.76 
3.50 

2.48 

7.98 
5.84 
3.89 
3.81 
25.08 

4.95 
3.22 
5.00 
3.17 
3.22 
3.32 
2.94 
1.66 
2.80 


24.98  63, 
18.63  71, 
12.50  77. 
21.46  69, 
22 .  00  66 . 
21.29  66. 
21.59  68. 
20.29  68. 
27.13  62. 
24.46  66. 
27.32:61. 
28.44  60. 

6.79,78. 

5.67  86. 

2.4882. 

3.2784. 
15.21  73. 
16.03  72. 
13.50,77. 

8.59,78, 
34.6l'57. 
30. 02 158. 


0 

1, 

1 

1. 

1. 

1. 

1. 

1. 

0. 

2, 

1, 

1. 

0. 

0, 

0. 

0. 

0. 

2, 

1. 

0. 
18i0. 
03  1. 


4.89 
4.90 
4.46 
4.92 
4.66 
4.74 
4.57 
4.86 
5.24 
5.08 
4.99 
5.07 
2.52 
2.70 
2.23 
3.08 
4.17 
4.29 
4.44 
3.47 
5.23 
5.03 


2.78.58.37 
3.01  78.69 


24.68  27.81 


35.02 
32.04 
27.86 

32.23 
29.25 


36.00 

25.70 
34.36 
34.96 
15.50 
31.71 

37.69 
31.32 
37.00 
26.60 
32.25 

18.16 
22.28 
24.50 
25.11 
17.53 
28.88 
19.69 
32.89 
14.50 


15.93  0.10  2.84 
13.760.870.46 


1.22 
1.23 
1.27 
1.29 
1.14 
1.19 
1.31 
1.22 
1.23 
1.19 
1.27 
1.31 
0.77 
0.91 
0.68 
0.79 
1.34 
1.24 
1.31 
1.10 
1.44 
1.56 


6.19 
4.76 
5.25 
4.63 


4 

5 

3 

6 

7 

4 

7 

6.95 

5.87 

3.55 

4.64 

5.06 

4.19 

2.71 

4.06 

5.10 

7 

6.88 


53.14 
58.23 
49.57 

21.87 
29.76 

48.77 
49.22 
43.70 
44.80 

62.47 
58.83 
56.51 
76 .  80 
60.30 

45.95 
36.46 
46.49 
49.33 
34.02 

73.75 
71.68 
67.20 
68.81 
76.46 
62.72 
68.67 
59.94 
77.40 


10.14  1.06 
6.81  1.14 
20.81  0.49 

11.200.79 
7.28.0.53 


58.460.1822.49 
82.39|0.12     1.75 

38.02  0.53'44. 28 


4.97 
5.19 
4.51 


75.32 
74.95 
66.24 


1.80  6.71 
1.62,10.29 
1.19    6.76 


42.52  0.79  42. 


6.59  1.73  5.43  71.28 
5.93  0.39  5.52,73.02 
9.62  5.82  5.13  61.24 
5.00  1.41  5.79  61.40 


9.02 
3.39 
5.77 
4.20 
5.51 


26.38 
12.62 
20.26 
8.65 

3.14 
2.82 
3.30 
2.91 
2.79 
5.08 
8.70 
5.51 


1.43 
0.58 
0.59 
0.73 
0.52 

0.45 
0.47 
0..37 
0.39 
0.82 


4.90 
5.25 
5.32 
4.77 
5.59 


4.80 
5.58 
5.01 
6.37 


0.55,5. 
0.55  5. 


0.52 
0.64 
0.80 
1.86 
0.93 


76.55 
77.98 
80.13 
83.36 
79.69 

64.79 
52.77 
68.55 
63.85 
47.26 

82.15 
83.07 
80.06 
82.69 
84.11 
79.73 
77.66 
78.97 


1.52  13.45 
1.25!l3.89 
0.95,17.24 
1.09  25.31 


1.81 
1.29 
1.43 
l.OS 
1.56 

1.69 
1.30 
1.31 
1.93 
.91 

1.48 
1.56 
1.38 
1.63 
1.56 
1.37 
1.45 
1.26 
1.03 


6.29 
11.51 
6.76 

7!l3 

19.09 

14.28 
11.57 
8.56 
35.99 

7.32 
6.89 
9.59 
7.26 
5.89 
7.73 
5.63 
8.17 
5.05 


13,860 
14,119 
14,340 
14,274 
13,760 
13,901 
14,060 
13,970 
13,919 
14,170 
13,772 
13,732 
12,782 
13,828 
12,577 
13,351 
13,799 
13,700 
14,370 
13,376 
14,242 
13,662 

8,528 
11,624 


13,462 
13,514 
11,666 

7,056 
7,348 

12,841 
12,965 
10,874 
10,630 

13,493 
14,134 
14,148 
14,630 
14,252 

11,732 
9 ,  529 
12,434 
11,518 
8,170 

14,434 
14,702 
14,280 
14,584 
14,760 
14 , 209 
13,786 
4.126 
14,550 
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Table  X. 


-Composition  and  Heat  Value  of  United  States 
Coals.  ^ — (Continued) 


County,  bed  or  local  name 


Proximate  analysis 
"  as  received" 


Ultimate  analysis 
"as  received" 


West  Virginia — Continued. 

M'Dowell,  Big  Four.  .  . 

M'Dowell,  Coalwood.    . 

M'Dowell,  Eckman.  .  .  . 

M'Dowell,  Ennis 

M'Dowell,  Powhatan.  . 

M'Dowell,  Roderfield.  . 

M'Dowell,  Worth 

Marion,  Monongah .... 

Mercer,  Coaldale 

Mercer,  Wenonah 

Monongalia,  Richard,  .  . 

Preston,  Masontown.  .  . 

Raleigh,  Sophia 

Raleigh,  Stonewall 

Tucker,  Thomas 

Wyoming: 

Bighorn,  Cody 

Carbon,  Hanna 

Fremont,  Hudson 

Hot  Springs,  Kirby.  .  .  . 

Sweetwater,  Superior .  . 

Sheridan,  Monarch 


2 

2.19 

3.32 

3.25 

2.55 

2.32 

3.00 

2.95  35 

3.43  14 


3.58 
1.63 
1.40 
3.30 
3.02  16 
1.12  20 


17.2931.33 
11.45'42.58 
21.27  32.83 
15.86  33.01 
16.02,33.63 
23.88  34.33 


45.89 
39.33 
42.75 
47.39 
47.60 
38.44 


5.49 
6.64 
3.15 
3.74 
2.75 
3.35 


0.66 
0.57 
0.55 
0.48 
0.57 
1.78 
0.48 
0.67 
0.67 
0.56 
0.96 
1.50 
0.63 
0.80 
1.05 

0.35 
0.38 
0.89 
0.59 
0.94 
0.38 


85.00 
80.69 
83.05 
84.05 
83.60 
77.46 
82.84 
77.89 
83.79 
83.59 
78.24 
77.92 
82.94 
85.02 
81.22 


1.20 
19 
16 
12 
01 
27 

1.05 
38 
06 

1.07 

1.28 
43 
41 
40 

1.59 


4.27 
4.45 
6.46 
5.46 
4.80 
4.02 
5.94 
9.13 
5.59 
5.73 
6.58 
5.04 
5.28 
5.59 
3.86 


5.64  59.15 
5.27  59.66 

13  55.91 
6.06,62.03 
6.11  62.29 

29  54.07 


0.85  28.52 
0.94  27.11 
0.75  33.17 
29  26.29 
08  26.83 
1.1434.77 


14,636 
13,995 
14,587 
14,571 
14,569 
13,514 
14,500 
13,862 
14,602 
14,598 
13,937 
13,808 
14,490 
15,001 
13,800 

10,055 
10,890 
9,779 
10,984 
10,849 
335 


portable  unit  provides  a  reserve.  This  system  is  claimed  to 
require  less  investment  and  to  be  more  adaptable  to  introduction 
for  stations  already  built.  There  is,  as  yet,  no  general  basis  for 
choosing  between  these  systems,  but  each  is  installed  and  works 
successfully. 

The  power  required  for  handling,  preparing  and  delivering  the 
coal  from  coal  pile  to  bunker  is  from  15  to  23  kw.-hr.  per  ton. 
One  plant  operating  with  pulverized  fuel  and  with  stokers  reports 
labor  of  0.213  man-hr.  for  coal  and  ash  handling  per  1,000  kw.  of 
station  rating  when  using  pulverized  fuel  and  0.117  man-hr. 
for  a  stoker  installation. 

The  drying  of  pulverized  fuel  before  or  after  pulverizing  is 
necessary  when  the  fuel  is  moist.  Both  waste-heat  driers,  steam 
driers  and  separately  fired  driers  have  been  used  to  dry  the  coal 
to  a  moisture  content  to  not  exceed  2  per  cent  for  most  satis- 
factory operation.  For  pulverizing  the  coal,  mills  are  used 
which  employ  crushers,  centrifugal  force,  balls,  rolls  and  other 
mechanical  agencies  to  secure  pulverization.  Most  of  the  mills 
in  operation  have  a  capacity  of  6  tons  per  hour,  but  larger  mills 
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have  been  developed  and  20  to  30  tons  per  hour  are  feasible 
capacities  to  build  with  the  present  knowledge  of  the  art.  The 
coal  is  pulverized  until  at  least  60  per  cent  passes  through  a  200- 
mesh  sieve. 

From  the  pulverizer  mill  the  coal  passes  on  a  screw  conveyor, 
through  a  helical  pump  or  through  a  compressed-air  conveying 
system  to  storage  bins  near  the  boilers  or  directly  to  the  boilers. 
Several  installations  are  found  using  each  of  the  systems  and 
their  relative  merits  are  still  controversial. 


Fig.  34. — In  the  Hudson  Avenue  station  of  the  Brooklyn  Edison  Company 
the  coal  is  distributed  to  bunkers  in  cars  which  can  be  controlled  automatically 
or  by  hand  as  desired. 

If  the  direct  feed  with  compressed  air  is  not  used,  arrangements 
must  be  made  to  feed  the  fuel  from  the  bins.  To  secure  uniform 
and  uninterrupted  feeding  from  bins  to  furnace  is  difficult  because 
of  variation  in  the  moisture  content,  temperature,  fuel  demand  by 
furnaces,  fineness  and  aeration.  Screw  conveyors  in  combina- 
tion with  high-  and  low-pressure  air  are  used. 

The  bins  must  have  sides  sloping  at  least  60  deg.  to  prevent  the 
coal  from  collecting  and  adhering  to  the  walls  and  a  difference  of 
opinion  exists  as  to  the  relative  merits  of  steel  and  concrete  bins. 
The  bin  walls  should  be  kept  at  a  higher  temperature  than  the 
inside  atmosphere  to  prevent  condensation  and  the  coal  should 
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be  kept  dry  and  cool  if  reliable  flowage  is  to  be  expected.  Before 
the  powdered  coal  is  used  in  the  furnace  it  should  be  thoroughly 
separated  and  mixed  and  must  be  suppHed  through  proper 
burners. 

Oil  and  Gas  Handling. — Oil  storage  by  plants  burning  oil 
varies  from  a  3  days'  to  a  3  months'  supply.  The  oil  from 
tanks  or  tankers  is  conveyed  by  pumps  to  storage  reservoirs, 
which  may  be  covered  earthen  or  concrete,  with  oil-resistitig 
lines  for  heating  the  oil  so  it  can  be  handled.     No  uniformity  in 


Fig.  35.^ — Coal  preparation  system  for  the  Trenton  Channel  plant  of  the  Detroit 
Edison  Company. 

Coal  is  delivered  by  rail  to  the  track  hoppers  of  the  coal  unloading  house  and  elevated 
to  the  315-ton  Bradford  breaker  by  100-ton  apron  conveyors.  It  is  reduced  in  the  breaker 
to  a  fineness  of  1}^^  in.,  or  less.  Large  tramp  iron  and  other  foreign  articles  are  discharged 
at  the  outlet  of  the  breaker  and  elevated  to  a  picking  belt,  which  again  discharges  into  the 
breaker  inlet  hopper,  making  it  possible  for  the  operator  to  remove  foreign  material  as  the 
opportunity  offers.  The  coal  is  conveyed  from  the  breaker  by  two  apron  conveyors  to  a 
320-ton  bucket  elevator,  which  discharges  to  a  belt  conveyor  over  the  2,400-ton  coal  bunkers. 

The  pulley  at  the  discharge  of  this  belt  is  magnetic,  and  removes  small  tramp  iron  before 
the  coal  drops  to  the  movable  belt  which  distributes  it  to  the  individual  bunkers. 

The  driers  are  of  the  stationary  steam  grid  type  and  are  located  under  the  outlet  of  the 
coal  bunkers.  Each  drier  furnishes  coal  to  one  of  the  fourteen  pulverizing  mills.  The 
cyclone  separators  on  the  mills  deliver  pulverized  coal  to  either  of  two  pairs  of  screw  con- 
veyors, which  discharge  into  a  small  hopper  above  the  Fuller-Kinyon  coal  pumps.  The 
vents  from  the  mills  are  led  into  the  air  ducts  at  the  outlet  from  the  driers.  Three  50-ton 
coal  pumps  deliver  coal  to  the  boiler  bins  through  two  8-in.  transportation  pipes.  The 
destination  of  the  coal  is  automatically  determined  by  a  system  of  switching  valves  in  the 
transportation  pipes,  the  valves  being  connected  to  electric  switches  operated  by  the  flow 
of  coal  in  the  bins.  The  height  of  the  coal  in  the  bins,  and  the  positions  of  the  switching 
valves  are  indicated  on  a  single  board  near  the  Fuller-Kinyon  pump.  The  switching  valves 
can  also  be  controlled  by  means  of  push  buttons  located  on  the  signal  board. 

Alternating-current  slip-ring  induction  motors  are  used  throughout  the  coal  preparation 
house  to  drive  the  equipment,  the  purpose  being  to  reduce  the  fire  hazard. 

practice  occurs  in  the  method  of  transporting,  feeding  or  measur- 
ing the  oil. 

Gas  fuel  is  generally  regulated  as  to  pressure  and  metered  in  a 
fire-proof  building  adjacent  to  the  power  station.  Various  types 
of  regulators  are  used  and  some  form  of  orifice  meter  is  used  for 
measuring  the  large  volumes  handled.  An  accurate  gas  meter  of 
large  capacity  is  yet  to  be  developed. 

Ash  Handling. — The  primary  object  of  a  modern  central- 
station  system  of  ash  handling  is  to  reduce  both  labor   and 
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depreciation  charg;es  to  a  minimum.  To  accomplish  this,  any 
method  adopted  for  a  given  plant  will  be  determined  by  the  way 
the  ashes  are  delivered  from  the  fire  and  also  by  the  facilities  for 
final  disposition.  With  the  development  of  large  stoker-fired 
power  boilers  yielding  ashes  at  a  rate  of  several  tons  per  hour, 
modern  ash-handling  equipment  has  been  required  to  keep  pace 
with  the  boiler  development  rate.  As  a  result,  four  distinct 
types  of  ash-handling  equipment  have  appeared,  namely,  hopper 


Cctr  dumper-'- 
■Magnetic  pvlky  Main  breaJher;^ 

J Qrouncf  /evel^ 


/>^ 


Self  conveyor  ■ 


Fio.  36. — Coal  preparation  system  of  the  Cahokia  station  of  the  Union  Electric 
Light  and  Power  Company. 
The  raw-coal  receiving  hoppers,  crushers  and  magnetic  pulleys  are  outside  the  build- 
ing and  below  the  ground  level  to  permit  unrestricted  use  of  the  ground.  Coal  may  be 
received  in  the  rotary-dump  hopper  or  track  hopper  or  can  be  stored  in  the  open  by  loco- 
motive cranes  which  can  reclaim  the  coal  and  even  deliver  it  to  the  raw-coal  elevator  hop- 
per in  the  remote  emergency  of  failure  of  the  two  belt  conveyors  from  the  crusher.  The 
raw-coal  bunkers  and  the  powdered-coal  preparation  equipment  are  in  a  narrow  section  of 
the  station  proper  adjacent  to  the  boiler  room  but  separated  therefrom  by  a  fire  wall.  From 
the  weighing  and  blowing  tanks  the  powdered  coal  is  delivered  to  the  bins  over  the  boilers 
by  compressed  air  through  4-in.  pipes. 


ash  pits  dumping  direct  into  freight  cars,  mechanical  conveyors, 
air  conveyors  and  conveyors  using  water  as  a  means  of  motion. 

From  10  to  20  tons  of  ash  per  hour  must  be  handled  in  larger 
power  stations  and  this  introduces  a  difficult  problem  in  design 
and  operation.  The  ash  is  very  hot,  around  1800°F.,  and  is  hard, 
abrasive  and  apt  to  be  in  clinker  form  when  coming  from  stokers 
or  chain  grates.  It  thus  creates  a  great  possibility  for  mechanical 
wear  and  tear  on  handhng  equipment.  In  addition  to  being  non- 
uniform in  size,  corrosive  and  offensive  acids  and  gases  are  formed 
when  the  ash,  as  is  usual,  is  quenched  with  water.     The  sulphur 
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and,  to  some  extent,  the  phosphorus  in  the  ash  combine  with 
water  to  give  a  mineral  acid  which  attacks  iron  and  steel. 

It  has  become  approved  practice  to  have  the  ash-handling 
system  independent  of  the  coal-handling  system  and  experience 
has  proved  the  inadequancy  of  belt  conveyors,  bucket  conveyors 
and  drag  conveyors  for  handling  ash.  In  their  place  the  two 
chief  systems  are  the  hopper  and  car  and  the  water  sluice,  although 
some  steam-  and  air-conveying  systems  are  used  and  are  bemg 


Fig.  37. — View  of  pulverizing  mills  in  the  Valmont  station  of  the  Public  Service 
Company  of  Colorado. 

developed.     These  last,  however,  are  more  suitable  for  handling 
the  ash  from  pulveri zed-fuel  installations. 

The  design  of  hopper  ash  pits,  which  are  used  most  extensively 
in  modern  plants,  depends  upon  the  method  of  ash  removal  and 
the  draft  system.  With  underfeed  and  chain-grate  stokers 
dumping  ashes  at  the  rear  of  the  furnace,  the  top  of  the  hopper 
will  be  the  width  of  the  fire  but  of  small  dimension  from  front  to 
rear.  This  arrangement  reduces  the  capacity  for  storage.  In 
some  instances  very  little  capacity  may  be  sufficient,  owing  to 
storage  facilities  outside  the  ash  pit,  but  24-hr.  capacity  should 
usually  be  provided  for  in  case  of  breakdown  in  the  conveyors. 
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The  largest  ash-pit  capacity  is  required  with  conveying  systems 
which  are  operated  intermittently;  for  example,  where  ashes  are 
dumped  into  standard  railway  cars  or  into  conveyors  which  might 
be  choked  by  the  direct  dumping  of  an  accumulation  containing 
large  clinkers  and  therefore  need  manual  attention. 


Main  Inclined 
belt  conveyors^ 


"  Coal  barge 


Fig. 


38. — Coal  tower  arrangements  for  Riohmond  station  of  the  Philadelphia 
Electric  Company. 


In  the  design  of  the  hopper  ash  pit  the  sides  should  slope  not 
less  than  45  deg.  in  any  case,  but  if  one  side  is  vertical,  the  oppo- 
site side  may  have  the  minimum  slope.  If  the  slope  is  too  small, 
the  ash  is  likely  to  arch.  The  arrangement  and  use  of  clinker 
grinders  also  influence  the  design.  Where  the  width  of  the 
hopper  would  necessitate  too  great  a  height  to  get  the  required 
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slopes,  the  ash  pit  may  be  divided  into  a  number  of  discharge 
openings.  Modern  practice  requires  discharge  openings  of  about 
30  to  36  in.  as  a  minimum,  although  their  size  depends  upon  the 
method  of  firing.  When  small  anthracite  is  burned  with  suffi- 
cient steam  in  the  combustion  air,  no  clinkers  are  formed,  but 
modern  intensive  firing  of  bituminous  coal  tends  to  cause  the 
formation  of  large  clinkers.  Therefore  the  discharge  opening 
should  be  large  enough  to  pass  these  without  having  to  break 
them  into  smaller  pieces  or  clinker  grinders  must  be  installed. 

The  height  of  the  bottom  of  the  hopper  above  the  basement 
floor  depends  upon  the  system  of  conveyors  adopted.  With  a 
locomotive  and  standard  railway  cars  about  17  to  18  ft.  is  required ; 
but  with  a  battery  locomotive  and  industrial  cars  5  to  6  ft.  is 
sufficient,  although  a  clear  head  room  of  7  ft.  is  preferable.  Many 
designers  prefer  to  make  the  hopper  sufficiently  large  to  allow  the 
ashes  to  remain  long  enough  to  cool  naturally.  By  allowing 
some  ash  to  remain  (when  dumping)  for  the  new  hot  ash  to  fall 
upon,  the  doors  and  finings  are  protected. 

Although  steel  shells  with  reinforced  concrete  about  6  in.  thick 
have  been  found  satisfactory,  the  most  modern  construction  is  to 
use  a  structural  steel  skeleton  and  a  shell  of  substantial  cast-iron 
flanged  plates  bolted  together.  Corrosion  is  not  troublesome 
because  cast  iron  suffers  much  less  than  steel  from  the  acids. 
If  the  hot  ashes  are  quenched  properly  with  water  sprays,  a 
lining  of  well-burned  hard  paving  brick  proves  satisfactory. 

Hopper  ash  pits  will  usually  be  provided  with  doors  to  retain 
the  ash,  to  prevent  the  passage  of  air  and  also  to  allow  the  ashes 
to  be  dumped.  With  chain  grates  and  with  closed-ash-pit  forced 
draft,  the  doors  should  be  tight  to  avoid  a  loss  of  air  pressure  and 
waste  of  blower  power.  There  are  several  ways  in  which  dump 
openings  may  be  sealed.  Doors  and  faces  may  be  machined, 
flanges  may  be  provided  around  the  edge  to  maintain  a  water 
seal  or  the  frame  may  be  provided  with  a  groove  packed  with 
asbestos  rope,  while  the  door  has  a  rib  or  tongue  which  is  squeezed 
into  the  asbestos  packing  by  a  cross-bar  and  a  screw  spanning 
the  door. 

The  method  of  conveying  ash  by  emptying  ash  pits  into  small 
dumping  cars  has  a  great  deal  to  recommend  it  since  the  cars  are 
usually  so  inexpensive  that  one  or  two  spare  idle  cars  are  not 
objectionable;  also  the  cars  can  be  repaired  without  interrupting 
the  ash  conveyance.     The  cars  can  be  moved  by  men,  animals, 
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tractors  or  locomotives;  they  can  be  run  about  the  premises  and 
dumped  to  fill  depressions,  lifted  on  elevators  to  dump  into  an 
elevated  ash  bunker  or  they  can  be  dumped  into  the  bucket  of  a 
skip  hoist. 

The  extra  cost  of  foundations  and  building  is  less  for  the  hopper- 
car  installation  on  plants  using  overfeed  stokers  or  chain  grates 


Pulverized  Fuel 


Stoker 


LOSSES  DUE  TO  : 

A- sensible  heoit  influegois 
B- combustible  in  flue  gas 
C- combustible  in  refuse 
D- radiation  cindunoccountcolfor 


USEFUL  HEAT 
E-hent  absorbed  by  boiler 


Fig.  39. — Relative  performance  of  stokers  and  powdered  coal  in  a  specific  case 
using  two  different  fuels.  (C.  F.  Hirshfeld,  Electrical  World,  Sept.  26,  1925.) 
With  West  Virginia  coal,  no  drying  was  assumed  necessary  for  pulverized  fuel  com- 
bustion, so  the  moisture  in  flue  gas  was  the  same  with  both  methods.  With  Illinois  coal 
it  was  assumed  necessary  to  dry  from  an  initial  moisture  of  16  per  cent  to  6.5  per  cent  for 
pulverized-fuel  firing.  Unless  this  is  taken  into  account,  the  results  are  not  comparable  for 
Illinois  coal.  Coal-drying  was  done  by  flue  gas,  which  reduces  the  exit  temperature  more 
than  with  a  stoker  installation,  thus  giving  an  advantage  with  pulverized  fuel  that  would 
not  be  obtained  if  the  flue  gas  is  subsequently  used  in  economizers  or  air  preheaters.  If 
economizers  or  preheaters  are  used,  less  heat  is  available  to  them. 


than  in  those  using  underfeed  stokers  because  of  the  space  require- 
ments of  the  firing  devices.  The  relative  advantages  of  railroad 
car  or  industrial  car  for  a  given  installation  involves  a  balancing 
of  all  costs  and  the  judgment  of  the  designers  as  to  their  relative 
operating  reliability  and  convenience. 

Water-sluice    Ash    Handling. — This    comparatively    recent 
method  of  handling  ash  is  gaining  in  favor  for  large  stations.     The 
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ash  drops  from  the  hopper  to  a  water  trough  under  the  boiler 
plant.  There  are  several  ways  of  handling  the  ash — in  one  the 
water  is  stationary  and  the  ash  is  conveyed  along  the  trough  by 
some  form  of  drag  conveyor  and  discharged  into  a  pit,  conveyed 
up  an  elevation  to  cars  or  conveyed  to  barges;  in  another  system 
pure  sluicing  is  used,  in  which  centrifugal  pumps  drive  the  water 
continually  along  the  troughs  into  a  discharge  tank  from  which 
the  water  drains  through  a  strainer  and  is  used  again  or  is  wasted 
and  the  ash  is  then  handled  by  grab  bucket  to  cars  or  barges;  in 
still  another  method  the  ash  is  sluiced  intermittently  after  falling 
into  the  stationary  water  in  the  trough.     These  methods  have 
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-Isometric  view  of  coal-handling  and  preparation  equipment  in  Avon 
station  of  the  Cleveland  Electric  Illuminating  Company. 


the  advantages  that  the  building  may  be  low  and  all  dust  and 
gases  are  eliminated,  but  have  disadvantages  in  that  the  ash  is 
abrasive  and  will  wear  the  troughs  or  conveyors,  that  air  leakage 
is  difficult  to  eliminate  from  the  combustion  chamber  and  that 
the  troughs  must  have  a  grade  which  becomes  troublesome  if  the 
plant  is  large — sometimes  a  10-ft.  difference  in  level  is  required 
between  the  ends  of  the  trough,  and  in  this  event  foundation  costs 
become  high.  However,  only  about  Ya  hp.  per  ton  of  ash  is 
required  in  sluicing  and  care  in  laying  out  an  installation  will 
eliminate  leakage  and  the  bad  effects  of  grades  and  abrasive 
actions.  Figure  26  shows  a  modern  chain-grate  installation  with 
ash  handling  by  hopper  and  car.     Figure  27  shows  a  cross-section 
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of  the  Hell  Gate  station  of  the  United  Electric  Light  and  Power 
Company  which  uses  the  continuous  sluicing  method  of  handling 
ash  in  a  concrete  trough  having  a  special  lining  of  vitrified  tiles. 

Air  Conveyors. — With  the  air-conveyor  ash-handling  system 
there  are  two  methods  of  generating  the  air  current.  In  one  the 
pipe  outlet  is  connected  to  the  ash-storage  tank,  in  which  a  vacuum 
is  caused  by  means  of  a  steam  jet,  and  in  the  other  the  air  current 
is  induced  by  a  steam  jet  between  the  ash  intake  and  the  outlet. 
It  is  customary  to  locote  the  motor  jet  at  an  elbow,  as  it  is  then 
convenient  to  aim  the  jet  in  the  new  direction.  Ash  openings 
may  be  arranged  in  any  position  desired,  such  as  in  the  firing 
floor  in  front  of  hand-cleaned  ash  pits,  near  the  bottom  of  hopper 
ash  pits  or  connected  to  pipes  to  draw  soot  and  fly  ash  from  the 
later  boiler  passes.  They  can  serve  several  lines  of  boilers  as 
easily  as  one.  The  maximum  capacity  of  a  6-in.  conveyor  is 
about  4  tons  of  ash  per  hour,  that  of  the  8-in.  conveyor  6  to  9  tons 
and  that  of  the  9-in.  conveyor  from  10  to  15  tons  per  hour.  This 
capacity  depends  largely  upon  the  size  of  the  pieces  of  ash. 

The  steam  consumption  of  air  conveyors  depends  upon  the 
length  of  the  conveyor,  the  height  to  which  the  ash  is  lifted,  the 
number  of  bends  and  the  care  used  to  economize  steam  during 
operation.  With  coal  containing  12  per  cent  ash  2  tons  of  steam 
would  be  used  for  100  tons  of  coal.  Taking  an  average  evapora- 
tion of  9  lb.  water  per  pound  of  coal,  the  conveyor  will  use  2  tons 
of  steam  out  of  every  800  tons  generated,  or  approximately  0.2 
per  cent.  To  allow  for  careless  operation  it  is  advisable  to  allow 
0.3  to  0.4  per  cent  in  arranging  for  extra  distillation  for  make-up 
water.  If  the  make-up  water  for  the  station  is  2  per  cent,  then 
the  distilhng  capacity  should  be  increased  by  20  per  cent. 

To  prevent  waste  of  steam  in  air-conveyor  systems  there  is  on 
the  market  an  electrically  controlled  steam  valve  which  consists 
of  a  foot-operated  switch  placed  in  a  convenient  position  near 
each  ash  intake  so  that  steam  is  blowing  only  when  the  attendant 
is  actually  at  work  at  any  particular  intake.  The  air  system  is 
very  good  for  pulverized-fuel  installations. 

A  study  of  existing  stations  shows  that  either  the  dumping  of 
ash  into  cars  or  water  sluicing  is  practiced  by  the  majority  of 
stations,  but  local  conditions  or  the  use  of  pulverized  fuel  may 
warrant  a  departure  from  this  practice. 


CHAPTER  V 
STEAM  GENERATION  AND  UTILIZATION 

The  production  of  electrical  energy  in  fuel-burning  stations  is  a 
very  rapidly  changing  art  with  respect  to  equipment  and  methods 
used  and  the  ultimate  standards  are  difficult  to  predict.  Each 
year  sees  marked  changes  and  improvements  in  equipment  and 
methods,  brought  about  by  increasing  economic  pressure  for 
more  efficient  production  and  by  pressure  resulting  from  the 
enormous  increases  in  power  demands. 

Any  fuel-burning  station  has  two  major  problems  to  solve  in 
securing  efficiency:  one  to  transfer  all  the  heat  from  the  fuel  to 
the  steam,  and  the  other  to  transform  all  the  energy  in  the  steam 
into  electrical  energy.  These  ideals  cannot  be  attained  but 
major  improvements  in  furnaces,  boilers  and  condensers,  together 
with  new  methods  of  operation,  secure  some  great  savings  each 
year.  At  present,  a  tendency  is  noticed  toward  the  use  of  high 
pressures  and  temperatures  in  the  steam  and  an  extreme  applica- 
tion of  the  recirculation  principle.  The  stack  gases  and  the 
circulating  water  in  the  condensers  are  the  chief  sources  of  loss 
and  equipment  and  operating  methods  are  being  developed  and 
changed  in  an  attempt  to  reduce  these  losses  by  so  circulating 
and  absorbing  the  heat  in  the  water  and  gas  that  the  exhausts 
have  a  minimum  heat  content.  Needless  to  say,  economics  is 
the  balance  wheel  in  carrying  out  such  designs,  but  in  addition 
there  are  practical  difficulties  in  operation,  design  and  equipment 
applications  which  limit  the  commercial  use  of  the  thermodynamic 
principles  very  materially. 

Trends  in  Practice. — As  practiced  today,  about  550-lb,  steam 
pressure,  730°  steam  temperature  and  28.7-in.  vacuum  are  con- 
servative upper  limits  for  steam  conditions  in  stations,  yet  semi- 
experimental  plants  are  being  constructed  that  exceed  these 
limits.  In  these  stations  there  are  differences  in  the  installations 
and  methods  used  in  an  attempt  to  secure  greater  economy.  One 
type  utilizes  steam  pressures  of  1,200  lb.  at  a  temperature  of  750° 
in  the  boiler.     This  steam  operates  a  turbine  at  the  same  pressure 
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and  then  is  exhausted,  while  still  dry,  at  a  pressure  of  about  400 
lb.  into  a  separately  fired  or  live  steam  reheater  where  the  tem- 
perature is  raised  until  superheat  exists.  The  steam  then  oper- 
ates another  turbine  cylinder  and  exhausts  to  the  condenser,  or,  in 
some  designs,  two  cyUnders  may  be  used  in  the  last  part  of  the 
cycle,  one  operating  between  400  lb.  and  zero  pressure  and  the 
exhaust  steam  from  this  after  reheating  operates  another  cyhnder 
under  vacuum  conditions.  This  type  of  operation  utilizes  the 
regenerative  cycle  and  a  large  part  of  the  theoretical  gain  in 
efficiency  is  obtained  indirectly  through  the  use  of  the  reheating 
operation. 

Another  type  of  station  has  been  suggested  which  will  utihze 
the  same  initial  pressure  and  temperature  and  the  high-  and 
low-pressure  turbine  cylinders  but  not  the  principle  of  reheating. 
The  moisture  in  the  steam  after  exhaust  from  the  high-pressure 
turbine  is  to  be  removed  by  mechanical  means  and  the  steam  then 
used  in  the  low-pressure  cylinder. 

In  the  majorit3^  of  large  stations  recently  erected  it  is  customary 
to  use  electric  drive  for  major  auxiharies  and  to  practice  multi- 
stage bleeding  of  the  main  turbine  units  for  heating  the  feed  water. 
If  the  steam  is  bled  from  the  proper  turbine  stages,  pressures 
and  temperatures  can  be  adjusted  so  that  the  feed  water  can  be 
heated  in  successive  stages  to  a  degree  almost  equal  to  that  of 
the  boiler  water  temperature  and  a  very  efficient  thermal  system 
exists.  The  practical  disadvantages  of  the  bleeding  system, 
however,  as  yet  limit  its  application  to  two-,  three-,  and  four- 
stage  bleeding.  Another  trend  is  toward  the  use  of  the  mercury 
boiler  type  of  station  such  as  has  been  installed  at  Hartford, 
Connecticut.  In  this  installation  of  the  Hartford  Electric  Light 
Company  a  low-pressure  mercury  boiler  is  used  in  combination 
with  the  main  plant.  The  boiler  operates  a  mercury  vapor 
turbine  and  the  exhaust  mercury  vapor  is  used  to  generate  steam 
from  water  and  the  steam  is  used  in  main  unit  turbines.  The 
experimental  installation  of  about  3,000  kw.  has  been  so  promising 
that  a  larger  unit  is  to  be  built. 

Developments  in  Practice. — The  early  steam-turbine  unit  had 
a  thermal  efficiency  of  about  14  per  cent  as  measured  by  the  B.t.us. 
in  the  energy  at  the  bus  bars  divided  by  the  B.t.us.  in  the  steam 
supplied  the  turbine  less  the  B.t.us.  returned  to  the  boilers  in  the 
condensate.  This  early  efficiency  has  been  increased  greatly  by 
improvements  in  the  design  of  all  equipment  in  the  stations,  by 
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the  use  of  higher  pressures  and  temperatures  and  by  improved 
practices.  In  Table  XI  the  change  in  turbine-alternator  condi- 
tions with  the  years  and  the  anticipated  conditions  in  the  near 
future  are  indicated  in  a  general  way. 


T.\BLE   XI. 


-Changes  in  Power  Station  Practice  and  Improvements 
IN  Thermal  Efficiency 


Year 

Approximate 
size  of  units, 

Gage 

pres- 

pounds 

Steam 
tem- 
perature 

at 
throttle 

B.t.us. 
per 
kilo- 

Ther- 
mal 
effi- 

Bleeding and  reheating 

kilowatts 

per 
square 
inch 

degrees 
Fahren- 
heit 

watt- 
hours 

ciency 

1903 

5,000 

175 

375 

23,500 

14.5 

1915 

20,000 

200 

560 

14,500 

23.5 

1922 

30,000 

230 

625 

13,400 

25.5 

1923 

30,000-  45,000 

250 

650 

12.500 

27.2 

1924 

30,000-  50,000 

375 

700 

11,200 

30.5 

Bleeding  only 

1924 

35.000-  60.000 

550 

725 

10,300 

33,1 

Bleeding  and  reheating 

1925 

60,000-150,000 

550 

725. 

10,000 

33.8 

Bleeding  and  reheating 

1928 

60,000-200,000 

1,200 

725 

9,000 

38.0 

Bleeding   and   two   reheat- 
ings 

If  the  thermal  efficiency  of  stations  is  computed  by  taking 
account  of  all  losses,  or  is  the  B.t.us.  in  the  energy  at  the  bus  bar 
divided  by  the  B.t.us.  in  the  coal  used,  a  general  development  in 
the  art  may  be  noted  by  the  approximate  figures  of  Table  XII. 

Table    XII. — Improvement    in    Efficiency    of    Gener.\ting    Plants 


Steam  tem- 

B.t.us. 

per 

kilowatt- 

Equivalent 

Year 

Size  of  units, 
kilowatts 

Gage  pres- 
sure, 
pounds  per 

perature  at 
throttle, 
degrees 

pounds  of 
coal  per 
kilowatt- 

Thermal 
efficiency 
of  station 

square  inch 

Fahrenheit 

hour 

hour 

1903 

5,000 

175 

375 

37 , 000 

2.64 

9.2 

1915 

20,000 

200 

590 

22 , 000 

1.56 

15.6 

1923 

35 , 000 

230 

625 

20,000 

1.43 

17.1 

1924 

50,000 

375 

700 

15,800 

1.13 

21.7 

1926 

50.000-160,000 

550 

725 

14 , 500 

1.04 

23.6 

1926 

100.000-200,000 

550 

725 

14,200 

1.01 

24.1 

1926 

100,000-200,000 

1,200 

725 

12,800 

0.91 

26.6 

The  stations  listed  in  Table  XII  for  1926  are  proposed  stations 
with  efficiencies  based  on  design  analysis.  One  or  two  existing 
stations  have  already  reached  or  bettered  these  efficiencies  under 
high  load  factor  conditions.     These  stations  operate  with  stage 
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bleeding  and  steam  reheating.  Thus  it  is  feasible  and  economical 
to  install  stations  which  have  no  difficulty  in  attaining  a  perform- 
ance of  14,000  B.t.u.  per  kilowatt-hour  under  favorable  load 
factor  conditions. 

Perhaps  a  better  way  to  measure  progress  is  on  the  basis  of 
improvement  in  system  performance.  On  a  large  metropolitan 
system  with  several  plants  both  old  and  new  and  having  a  com- 
paratively low  load  factor,  the  B.t.us.  have  decreased  from  a  value 
of  30,000  per  kilowatt-hour  in  1920  to  22,000  per  kilowatt-hour 
in  1926. 

Pressure  and  Temperature. — The  higher  the  initial  tempera- 
ture of  steam  the  better  the  efficiency  of  its  utilization  in  the  work- 
ing cycle  of  the  turbine  both  because  of  a  greater  amount  of 
available  heat  in  the  steam  and  an  increased  thermodynamic 
efficiency  of  utilization  in  turbines.  The  limitations  to  the 
application  of  this  principle  are  fixed  by  the  strength  of  materials 
used,  the  amount  of  condensation  and  the  cost  of  the  installation. 
About  800°  seems  to  be  the  upper  commercial  operating  limit,  but 
the  critical  temperature  of  water  is  704°  at  a  pressure  of  3,200  lb. 
and  these  are  upper  theoretical  limits.  One  small  boiler  utilizes 
these  values  to  produce  steam  without  the  loss  due  to  latent  heat, 
and  developments  are  continuing. 

Boiler  materials  ordinarily  used  decrease  in  tensile  strength 
and  ductility  very  rapidly  when  the  temperature  exceeds  900°.^ 
So,  with  a  water  temperature  of  about  615°  at  a  pressure  of  about 
1,500  lb.,  the  fire  side  of  the  boiler  material  is  limited  to  a  tem- 
perature of  about  800°.  Also  pipe  steels  decrease  in  tensile 
strength  rapidly  at  temperatures  over  700°,  but  the  material  in 
contact  with  the  steam  is  at  a  lower  temperature  than  the  steam 
and  the  thickness  can  be  increased  if  necessary — the  joints  are 
the  chief  source  of  trouble.  The  temperature  of  the  inner  sur- 
faces of  superheaters,  however,  is  higher  than  the  steam  tempera- 
ture at  their  outer  surfaces,  which  is  around  1500°,  depending  on 
their  location  in  the  boiler,  and  only  by  using  some  material  as  a 
covering  to  absorb  the  heat  can  they  be  used  at  higher  tempera- 
tures. Their  location  in  the  furnace  is  flexible,  however,  so  that 
proper  temperatures  can  be  obtained. 

1  MiLLANBY,  A.  L.,  and  Kerr,  W.:  "The  Limiting  Possibilities  of  Steam 
Plants,"  read  before  North  East  Institution  of  Engineers  and  Shipbuilders, 
England,  Feb.  27,  1925. 
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Since  valves  and  fittings  are  made  from  cast  materials,  they 
find  most  difficulty  in  operating  under  high  temperature  condi- 
tions. The  proportioning  of  the  valve  surface  is  very  important 
in  order  to  distribute  temperature  stresses  uniformly  and  yet 
globe  valves  of  special  design  can  be  obtained  for  operation  at  a 
temperature  of  900°.  Gate  valves  have  an  upper  temperature 
limit  of  about  700°. 

The  turbines  have  an  upper  commercial  limit  of  about  i;i500 
lb.  at  750°F.  The  high  temperature  is  particularly  troublesome 
because  of  its  resultant  effect  on  the  expansion  and  contraction  of 
the  pipe,  valves,  joints  and  turbine  wheels. 

Much  experimental  work  is  now  going  on  to  determine  many 
data  needed  to  fix  the  strength  of  materials  under  high-tempera- 
ture conditions  and  to  secure  steam  table  data  which  can  be  used 
with  confidence  in  the  upper  ranges. 

Cost  Variations. — About  25  per  cent  of  the  total  station  cost 
varies  in  price  with  pressure  and  temperature,  i.e.,  boilers,  piping 
systems,  turbines  and  auxiliaries;  and  experience  indicates  that, 
considered  as  a  whole,  the  high-pressure  station  is  not  much  more 
expensive  than  the  low-pressure  station,^  for,  although  a  400-lb. 
boiler  and  turbine  may  cost  about  50  per  cent  more  than  a  300-lb. 
boiler  and  turbine,  there  are  incidental  savings  in  space,  volume, 
piping  and  other  items  which  compensate  for  these  increases. 

As  the  cost  of  coal  increases  and  the  load  factor  increases  the 
advantages  of  higher  pressures  become  greater  in  economic  value. 
Increasing  the  degree  of  superheat  results  in  a  large  return  on  the 
investment,  provided  the  materials  will  withstand  the  tempera- 
ture. For  any  given  station  design  an  analysis  should  be  made 
which  weighs  capital  charges  against  operating  savings  in  terms 
of  the  pressures,  temperatures  and  installations  that  might  be 
used  in  the  station. 

The  stations  that  have  used  reheating  have  had  considerably 
increased  capital  charges  and  operating  complexity  to  offset  the 
thermal  gains.  This  practice  is  still  on  trial,  so  to  speak,  but 
new  methods  and  new  equipments  are  being  developed  which 
seem  to  offer  good  possibilities  for  capitalizing  on  the  thermal 
gains  made  possible  by  reheating.  Reheating  increases  the 
theoretical  efficiency  only  slightly  but  should  offer  indirect  savings 

1  Deforest,  C.  W.,  "Increased  Economy  Warrants  Increased  Invest- 
ment," Electrical  World,  Sept.  26,  1925. 
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through  a  reduction  of  friction  losses  with  low-pressure  stages 
of  the  turbine. 

In  a  recent  paper/  C.  F.  Hirshfeld  and  F.  O.  Ellenwood  esti- 
mated that  increasing  the  steam  pressure  from  200  to  1,200  lb. 
per  square  inch  will  increase  the  cost  of  all  equipment  affected 
by  the  steam  about  30  per  cent  for  any  particular  cycle.  The 
curves  of  Fig.  41  show  the  variation  in  total  station  cost  as  esti- 
mated by  the  same    authorities,  as  deduced,  to  be  14  per  cent 


Throtfle  Pressure,  Lb.  per  Sq  In  Abs 

Fig.  41. — Analysis  of  plant  investments  when  using  various  pressures  and  steam 
cycles.     (C.  F.  Hirshfeld  and  F.  O.  Ellenwood,  A.S.M.E.,  1923.) 

greater  than  for  the  200-lb.  station.  Figure  42  shows  estimates 
of  coal  consumption  when  using  the  various  cycles  at  the  range 
of  pressures  considered  in  the  same  paper.  Figure  49  shows 
an  analysis  by  C.  W.  De  Forest  to  determine  capital  expenditure 
justified  by  increased  thermal  efficiency. 

Pressures.— Since  the  practical  upper  limit  of  temperature,  on 
account  of  materials  is  about  800°,  the  designer  has  to  decide  on 

1  "High  Pressure,  Reheating  and  Regenerating  for  Steam  Power  Plants," 
A.S.M.E.,  1923. 
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the  proper  steam  pressure  to  use,  and  this  involves  a  rather 
elaborate  study  of  thermo-dynamics  and  costs.  The  theoretical 
thermal  gain  must  be  determined  and  this  must  then  be  modified 
by  application  to  existing  apparatus.  The  effect  of  pressures  on 
operation  and  future  changes  and  the  balancing  of  the  economic 
equations  must  also  be  made.  A  typical  analysis  on  a  theoretical 
basis  is  given  in  Fig.  43  as  made  by  I.  E.  Moultrop  and  Joseph 
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Fig.  42. — Estimates  of  coal  consumption  for  stations  using  various  steam  cycles 
at  various  pressures.      (C.  F.  Hirshfeld  and  F.  O.  Ellenwood,  A.S.M.E.,  1923.) 

Pope  for  the  Edgar  Station  of  the  Edison  Electric  Illuminating 
Company  of  Boston.  ^  Although  600  lb.  was  the  theoretical 
best  pressure,  cost  conditions  brought  about  a  decision  to  use 
375  lb. 

Economic  Determinations. — A  good  method  of  analysis  for 
deciding  upon  the  proper  steam  pressure  to  use  is  given  by  L.  E. 
Kemp  in  the  Electrician,  of  London,  June  30,  1922.  This  analysis 
is  based  on  an  equation  for  the  overall  thermal  efficiency  of  a 
station : 

lA.I.E.E.,  1923. 
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Efficiency  =  Average  boiler  efficiency  a. 

X  station  coefficient  h,  covering  radiation,  leakages, 

steam  for  auxiliaries  and  blow  downs. 
X  station   coefficient  y,   representing  the  ratio  of 
units  sent  out  to  total  units  generated. 
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Fig.  43. — Effect  of  steam  pressure  on  turbine  thermal  efficiency.  (/.  E.  Moul- 
trop  and  Joseph  Pope,  A.I.E.E.,  1923.) 
Curve  1  is  the  total  heat  in  1  lb.  of  steam  at  700°F.  above  79°F.  Curve  2  is  the  heat 
remaining  in  the  steam  after  perfect  adiabatic  expansion  to  1  in.  absolute.  The  vertical 
distance  between  Curves  1  and  2,  therefore,  is  the  B.t.u.  per  pound  of  steam  theoretically 
available  for  work.  Curve  3  is  the  available  heat  as  a  percentage  of  the  total  initial  heat  of 
curve  1  and  represents  the  efficiency  of  the  Rankin  cycle  at  varying  pressures.  Curve  4 
IS  the  best  efficiency  to  be  expected  of  turbo-generators  in  converting  available  heat  into 
electrical  energy.  Curve  5  is  the  product  of  curves  3  and  4  and  shows  the  percentage  of 
total  heat  actually  converted  into  electrical  energy  or  returned  to  the  boiler  in  the  condensate. 


X  heat     conversion     coefficient     d     (or     Rankine 

efficiency). 
X  average  turbine   thermo-dynamic    efficiency    u. 
X  average  alternator  efficiency  n. 

=  a,  h,  y,  d,  u,  n. 
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The  coefficients  a,  u  and  n  will  be  average  values  depending 
on  the  load  curve  and  plant  operating  conditions.  The  value 
of  d  will  be  in  the  order  of  30  to  40  per  cent  and  those  of  the  other 
coefficients  80  to  98  per  cent,  so  that  a  slight  gain  in  the  efficiency 
of  the  conversion  coefficient  has  a  relatively  greater  effect  on 
overall  efficiency  than  any  of  the  other  coefficients.  Figure  44 
shows  the  influence  of  pressure  on  the  heat-conversion  coefficient 
and  is  taken  from  data  of  Mr.  Kemp.  It  shows  that  the  economy 
rate  of  increase  lessens  as  the  pressure  increases,  but  these  curves 
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Fig.  44. — Variation  of  heat-conversion  coefficient  with  pressure.      {L.  E.  Kemp, 
Electrician,  June  30,  1922.) 


do  not  consider  the  effect  of  using  a  regenerative  cycle.  The 
data  are  based  on  28.7-in.  vacuum,  10,000-kva.  turbines  and 
total  heat  from  150°F.  Figure  45  shows  the  combined  heat- 
conversion  and  turbine  thermo-dynamic  coefficients  as  plotted 
from  data  in  Mr.  Kemp's  article.  Mr.  Kemp  computes  the 
effect  of  increases  in  capital  cost  and  works  out  a  specific  example, 
as  indicated  by  the  curves  of  Fig.  46. 

Such  analyses  are  valuable  as  preliminary  attempts  to  attain 
an  economical  selection  of  steam  conditions  in  the  station. 
After  these  have  been  determined  within  certain  limits  and  the 
chief  items  of  equipment  are  selected,  a  heat  analysis  of  the 
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station  on  a  B.t.u.  basis  should  be  made  to  determine  the  expected 
economies  of  the  assembly.  Starting  with  the  fuel,  the  heat 
stream  should  be  studied,  including  that  deHvered  to  the  steam, 
to  stacks,  to  circulating  water,  to  economizers  if  used,  to  super- 
heaters and  to  turbines.  In  addition  all  radiation  losses, 
leakage  losses  and  internal  energy  consumptions  should  be  com- 
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Fig.  45. — Variation  of  combined  coefficient  with  pressure. 
trician,  June  30,  1922.) 


(L.  E.  Kemp,  Elec- 


puted,  including  the  effect  of  unburned  fuel,  banking,  blow  downs, 
drips,  etc.  The  heat  returned  by  heat-saving  equipment  should 
be  credited.  In  this  way  a  B.t.u.  analysis  or  heat  balance  will 
prove  very  valuable  when  combined  with  cost  elements  to  deter- 
mine the  relative  advantages  of  different  systems  or  types  of 
equipment.  The  use  of  a  station  Willans  line  is  very  helpful  in 
making  the  analysis.     Figure  47  shows  a  heat-stream  diagram  for 
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very  efficient  operating  conditions  as  developed  by  Prof.  W.  J. 
Wohlenberg. 

Tests  and  Heat-balance  Computations. — The  Power  Test 
Code  Committee  of  the  A.S.M.E.  has  presented  a  tentative  draft 
of  a  test  code  for  stationary  coal-fired  boilers.  Similar  codes  are 
available  for  boilers  using  liquid  and  gaseous  fuels. 


0.155 


I 


>  JBased  o^:- 
'TT  McainwimU^T7ana[^36,000K.W. 
■  Load  Fador  =  30  Per  Cenf 
Ave.  Vacuum  =28. 7  (Bar.  30 
Equipmerrt:- 1 — \ 


4-10000  KWT„rhG.AIiernahn 


8-6Q00OLb  W.TBoikr Unih 


IT 


Fig.  46.- 


100    200     300    400     500     feOO    700    800 
Pressure,Ib.  per  sq.in. gage 

-Variation  in  thermal  efficiency  and  economy  with  pressure. 
Kemp,  Electrician,  June  30,  1922.) 


(Z.  E. 


Theoretical  Possibilities  of  Steam  Cycles. — Until  recently, 
steam  turbines  have  operated  on  the  Rankine  steam  cycle.  In 
this  cycle  the  steam  is  superheated  and  generated  at  a  constant 
pressure  in  the  boiler  and  is  then  expanded  adiabatically  in  the 
turbine,  after  which  it  goes  to  the  condenser.  On  the  basis  of 
700°  steam  temperature,  Table  XIII  gives  the  theoretical 
efficiencies  at  various  steam  pressures  at  the  throttle  for  a  back 
pressure  of  1  in.  of  mercury  at  the  exhaust. 
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TaUUK      XIII. — 'rillOOIlKTICAL      El'KlCIlONCIIO.S      OF      TIIIO      HaNKINIO      CyCLK 

Throttle  Pressures, 

Pounds  per  Theoretical 

Square  Inch  Efficiency 

300  35.5 

400  36.6 

500  37.5 

600  38.2 

700  38.8 

800  39.2 

1,000  40.1 

1,200  40.6 

From  the  (hitii  it  is  noticed  that  tho  theoretical  efficiency 
increases  slowly  at  the  upper  pressure  limits  and  as  a  practical 
cycle  the  amount  of  moisture  in  the  steam  during  the  expansion 
would  greatly  lower  the  benefits  derived  from  using  the  higher 
pressures. 

The  Ferranti  or  reheating  cycle  has  come  into  vogue  as  a 
practical  cycle  for  turbine  operation.  The  steam  is  generated  at 
constant  pressure  and  superheat  as  in  the  Rankine  cycle  and  is 
then  reheated  to  the  original  temperature  after  passing  through 
the  upper  stages  of  a  turbine.  The  steam  is  then  returned  to  a 
turbine  to  complete  its  expansion.  For  the  same  operating 
conditions  as  given  in  the  Rankine  cycle  the  data  in  Table  XIV 
are  given  for  the  maximum  theoretical  efficiency  of  the  reheating 
cycle : 

Taiiijo   XIV. — TiiKoitioTK'Ai.  Ekficiknchos  ok  Tiijo  Fkuijanti  Cycle 

Throttle  Pressure, 

Pounds  j)er  Theoretical 

.S(iuare  Incth  Efficiency 

300  36 . 5 

400  37 . 7 

500  38.4 

600  39.1 

700  39.7 

800  40.1 

1,000  40.9 

1,200  41.2 

This  cycle  is  approximately  1  per  cent  better  than  the  Rankine 
cycle  efficiencies  for  the  conditions  given.  But  the  reduction  in 
water  condensation  due  to  reheating  should  give  this  cycle  marked 
superiority  over  the  Rankine  as  an  operating  cycle.     This  con- 


STEA  M  a  EN  ERA  TION  A  N  I)  I  ^  T I  LIZ  A  TION 


85 


densation  should  be  reduced  about  two-thirds  with  the  reheating 
cycle  if  high  pressures  are  used. 

Roughly,  the  theoretical  best  pressure  for  reheating  is  about 
ono-third  the  initial  pressure  and  decreases  as  the  temperature 


^   ^        IOOJ)OOB.iu.PofenHaJ_ 
"Energy  in  Fuel  Mass 


\ 

V^r/oGrafeLosS 
y^llOOOBJ.a 


A[^  'J     „ 


80^000  B.f.u.ahor  bed  in      ,  ,   ,  .  I 
'ler  by  Wafer ands'feam  ^^  {  [  ^  N  ^ 
NOMIZER 


ECONOMIZER 


2%ReaciionLoss 

BOOOB.i.u. 
3%  Loss  due  io 
-  Radiaiion 


Siack 


loiahmUle  91,000  al  Boiler  Nozzle 
Toialayailable_  90jS00aj]urbwe, 
and  Auxiliary  Throffles 

r.forInaicaled\    '"^  cccn u/atfi 


1    "%.  %  V 


FEED  WATER 
HEATER 

67o  Heaf  reclaimed  from 
All  Exhaust  Sfeam 

^r5Z,500-53.S%  NefHeaj-' 
\  wasfed in  All Exhausi Steam 


Q      ^     - 

FiQ.  47. — Hc:it  stream  in  an  efficient  station.     Overall  thermal  efficiency 
25,000 


=  25  per  cent. 


B.t.u.  per  kilowatt-hour  based  on  14,000  B.t.u.  coal 
0.3411 
0.25 
refer  to  the  energy  in  the  fuel.      (JT.  ./.  Wohlcnhrry,  Yale  ruircrsity.) 


100,000 

0.975  11).      H.t.u.  per  kilowatt-hour 


=  13,050.      ,\11  energy  iiereentaKes 


increases.  A  study  shows  that  this  cycle  should  be  improved 
greatly  if  the  steam  could  be  kept  superheated  throughout  the 
expansion  by  having  heat  added  to  the  steam  while  in  the  turbine, 
but  no  practical  method  has  been  proposed  for  getting  the  desired 
result. 
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The  regenerative  Rankine  cycle  or  bleeder-heating  cycle  is 
coming  rapidly  to  the  front  as  a  practical  operating  system  for 
larger  turbines  using  high-pressure  steam.  Steam  is  taken  from 
lower  stages  of  the  turbine  to  heat  the  condensate.  Assuming 
an  infinite  number  of  heaters  and  that  the  feed  water  is  heated  to 
a  temperature  corresponding  to  the  saturated  steam  in  the 
turbine,  the  data  in  Table  XV  give  the  theoretical  efficiencies 
obtainable  for  various  pressures: 


200 


400  _  eoo.    800     1000    leoo     1400    leoo 

Initial-. Pressure.  Lb  perSq  InAbs. 


Fig.  48. — Efficiencies  of  various  cycles.  Steam  conditions,  A  to  F,  inclusive: 
initial  temperature,  750°F. ;  back  pressure,  1  in.  Hg.  Curve  H:  initial  tem- 
perature 1000°F.;  back  pressure,  1  in.  Hg.  Bleeding  points:  240°F.  or  25  lb. 
in  one-stage  bleeding  cycles;  280  and  180°F.  or  50  lb.  and  7.5  in.  Hg  in  two- 
stage  cycles.     (TF.  J.  Wohlenberg,  A.S.M.E.,  1923.) 


Table  XV. 


-Theoretical  Efficiencies  of  the  Regenerative  Rankine 
Cycle 


Throttle  Pressure, 
Pounds  per 
Square  Inches 
300 
400 
500 
600 
700 
800 
1,000 
1,200 


Theoretical 
Efficiency 

39.8 

41 

42.1 

43.2 

44.2 

45.1 

46.6 

47.8 
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Fig.  49. — Cost  of  capacity  versus  thermal  economy.  The  curves  have  been 
worked  out  to  show  the  cost  per  kilowatt  of  station  capacity  justified  by  a  given 
gain  in  the  thermal  efficiency  taking  into  account  the  B.t.u.  per  kilowatt-hour 
saved,  the  load  factor,  the  B.t.u.  per  pound  of  coal  as  fired  and  the  cost  of  coal 
per  ton  fired  to  the  furnace.  Example:  If  a  saving  of  6,000  B.t.u.  per  kilowatt- 
hour  is  assumed  per  kilowatt-hour  output,  a  70  per  cent  load  factor,  coal  at  13,500 
B.t.u.  per  pound  and  costing  $4  per  ton  with  12  per  cent  fixed  charges,  the  curves 
show  that  $46  per  kilowatt  could  be  spent  to  obtain  the  increased  thermal  effi- 
ciency.    (C.  W.  De  Forest,  Electrical  World,  Sept.  26,  1925.) 
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The  theoretical  efficiency  of  this  cycle  for  pressures  of  500  lb. 
and  above  is  very  high,  but  as  an  operating  cycle  these  efficiencies 
cannot  be  realized,  because  a  finite  number  of  heaters  are  used 
and  because  water  forms  in  the  lower  stages  of  the  turbine  and 
other  turbine  and  heater  losses  occur.  A  water  separator  would 
greatly  aid  this  cycle  in  realizing  its  theoretical  possibilities  as 
would  also  the  raising  of  the  feed  water  to  a  higher  temperature 
than  the  limit  considered. 

A  cycle  adopted  for  several  high-pressure  plants  combines 
reheating  with  regeneration.  The  steam  at  high  pressure  is 
expanded  part  way  and  then  resuperheated  and  in  addition  stage 
bleeding  is  used  to  heat  the  condensate.  On  the  assumption  of 
an  infinite  number  of  bleeding  points  and  that  the  condensate  is 
heated  to  a  temperature  corresponding  to  the  saturated  steam, 
the  data  in  Table  XVI  give  the  theoretical  efficiencies  of  this 
cycle : 


Table  XVI. — Theoretical  Efficiencies  of  Regenerative  and  Reheat- 
ing Cycle 


Throttle  pressure, 

Best  reheating 

Theoretical 

pounds 

per  square  inch 

pressure 

efficiency 

300 

186 

39.1 

400 

325 

40.9 

500 

420 

42.2 

600 

580 

43.2 

700 

690 

45.6 

800 

800 

45 . 1 

1,000 

1,000 

46.5 

1,200 

1.200 

47.8 

For  the  assumptions  used,  reheating  is  not  desirable  for  pres- 
sures exceeding  about  600  lb.,  but  if  the  condensate  is  heated  to 
a  higher  temperature  than  that  corresponding  to  the  saturated 
steam  in  the  expansion  stages  the  pressure  limit  can  be  raised. 
Also  the  presence  of  water  and  the  effect  of  losses  would  tend  to 
increase  the  pressure  at  which  reheating  would  be  desirable. 
A  general  study  of  the  reheating  cycle  shows  that  the  theoretical 
efficiency  gain  is  slight,  but  that  the  possibility  of  operating 
advantages  and  decreased  indirect  and  turbine  losses  may  make  it 
commercially  desirable. 


STEAM  GENERATION  AND  UTILIZATION  89 

The  regenerative  cycle  is  becoming  popular  because  it  substi- 
tutes the  main  unit  for  the  house  turbine  to  heat  the  feed  water 
and  thus  utilizes  a  machine  that  has  a  higher  efficiency.  With 
stage  bleeding,  about  four  steps  are  used,  and  the  steam  extracted 
from  the  successively  higher  stages  for  heating  the  feed  water 
has  done  some  work  before  extraction,  and  if  the  final  temperature 
of  the  feed  water  is  the  same  as  in  a  station  using  house  turbines 
exhausting  into  feed  heaters,  all  the  steam  used  in  feed-water 
heating  taken  from  the  main  unit  has  worked  at  a  slightly  higher 
efficiency  than  would  be  possible  in  the  present  house  turbines. 

The  limiting  feature  in  utilizing  the  regenerative  cycle  lies  in 
the  necessity  of  limiting  the  possible  number  of  feed-water  heaters 
because  of  the  cost  and  complexity  and  because  when  economizers 
are  used  there  is  a  practical  limit  to  the  temperature  to  which  the 
feed  water  can  enter  the  economizer  and  still  absorb  heat  from 
the  waste  gases.  This  temperature  for  plants  operating  at  about 
500  lb.  is  300°F.  or  less,  but  if  the  air  heaters  are  used  instead  of 
the  economizers  it  may  well  come  about  that  most  of  the  feed- 
water  heating  will  be  done  by  stage  bleeding  and  economizers 
will  be  eliminated  or  supplemented. 

A  proposed  variation  in  the  regenerative  and  reheating  cycle 
also  affords  possibilities.  In  this  system  high-pressure  boiler 
bleeding  is  used  to  reheat  the  main  unit  steam  and  then  passes  to 
the  last  stage  of  the  condensate  heaters  for  bringing  the  feed- 
water  temperature  almost  to  the  boiler-water  temperature.  A 
little  study  shows  almost  an  infinite  variety  of  regenerative  and 
reheating  combinations  and  only  actual  field  data  can  determine 
which  is  best  to  use  in  practice.  All  of  the  schemes  present  great 
difficulties  but,  on  the  whole,  the  Raiikine  regenerative  cycle 
offers  good  possibihties  for  commercial  applications  on  the  basis 
of  balancing  costs  and  efficiencies  if  an  adequate  water  separator 
can  be  developed,  as  does  also  the  combined  regenerative  and 
reheating  cycle  if  reheating  can  be  done  economically  and  easily. 

The  possibilities  of  the  numerous  cycles  proposed  must  await 
further  operating  data  for  proofs  of  conclusions  and  for  the  final 
determination  of  their  relative  theoretical  and  practical  merits.' 

1  WoHLENBERG,  W.  J.,  "Reheating  in  Central  Stations,"  A.S.M.E.,  1923. 
HiRSHFELD,  C.  F.,  and  Ellenwood,  F.  O.,  "High  Pressure,  Reheating 
and  Regeneration  for  Steam  Power  Plants,"  A.S.M.E.,  1923.  Also  see 
"Higher  Pressures  and  Temperatures,"  by  Prime  Movers  Committee  of 
N.E.L.A.,  July,  1915,  and  Electrical  World,  Sept.  26,  1925. 
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CHAPTER  VI 

AUXILIARY     ENERGY     SUPPLY     AND     HEAT-BALANCE 
SYSTEMS 

The  trend  in  modern  stations  is  to  make  unit  power  plants 
inside  of  the  main  station  structure.  A  boiler  or  boilers  with  its 
turbo-generator  and  auxiliaries  forms  an  operating  unit  and  the 
degree  to  which  any  part  of  the  unit  plant  assembly  is  interlocked 
or  connected  with  parts  of  other  units  is  determined  by  a  study 
of  operating  economy  and  reliability. 

A  large  unit  plant  represents  a  great  investment  and  a  large 
proportion  of  the  capacity  of  the  power  station.  It  is  essential, 
therefore,  that  this  unit  plant  be  equipped  with  auxiUaries  which 
can  be  relied  upon  and  which  will  function  properly  under  all 
conditions  of  operation.  A  dollar  saved  on  an  essential  auxiliary 
device  by  decreasing  its  rehability  is  false  economy  when  the 
failure  of  this  device  prevents  a  very  large  investment  from  earn- 
ing a  return. 

The  choice  of  a  system  of  auxiliaries  and  the  selection  of  a 
method  for  making  auxiliaries  reliable  are  associated  with  the 
application  of  the  heat  recirculation  principle  to  increase  the 
thermal  efficiency  of  the  station.  Exhaust  steam  from  steam- 
driven  auxiliaries,  heated  air  from  generators  and  the  most 
economical  method  of  using  steam  to  get  an  energy  supply  for 
auxiliaries  are  factors  to  be  considered  from  the  thermal-efficiency 
standpoint  as  well  as  from  the  standpoint  of  an  economical  and 
reliable  auxiliary  installation. 

Then  again,  a  power  station  which  is  interconnected  with  other 
stations  can  rely  upon  an  energy  supply  for  auxiliaries  from  the 
other  stations  in  case  of  emergency,  but  a  single  station  must  be 
able  to  start  up  and  operate  as  a  self-contained  unit.  Thus,  any 
particular  station  has  local  features  which  weigh  heavily  in 
deciding  upon  an  auxiliary  system  and  a  heat-balance  system. 

Most  power  stations  rely  upon  electric  drives  for  all  auxiliaries 
under  normal  operating  conditions.  These  electric  drives  may 
be  supplemented  by  steam-driven  installations  for  emergency  use. 
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In  a  somewhat  analogous  manner,  the  energy  supply  for  electric 
drives  on  auxiliaries  is  usually  secured  from  the  main  generators 


(i0,000kwjvrbo  generafor 


-, *  '  * 


To  iransmssior) 
System 


vXv  Main  power 
'^Y^   transformers 

t         12,000  volf  bus 


wW  S-hafion  service 
'^'Y^     transformers 


I  Motor- 

I  gemra-hr'^i^ 

i^-f/ec.  inhrlock  '^ 


n 


UTl 


•2i00voHbus\ 
•  1150  "     "  i 


L 1    Starfmg  ■  ^  f  \.  Typical  Z60U  von  O' 

, 1    trans-     t'^Txt  (     supplying  avxiln 

^    y:^J°'''^'^\      'O  "\-  Sequence  re/ay  interlock 


1150  volt  busX  Supply  from 
2iO0    "      "   J  huuse  furoinz 


i 


Graphic  thirmometzr 


•t$. 


To  exploring  coil 

" *"  in  boiler  feed 

tank 
House  turbim, governor  control  switch 


Fig.  50. — Auxiliary  service  in  the  Colfax  station  of  the  Duquesne  Light  Com- 
pany. House  turbo-generator,  1-2,000-kw.,  2,300-volt,  three-phase,  sixty- 
cycle.  Motor-generator  heat-balance  set,  1-1,100-hp.,  2,300-volt,  wound- 
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or  from  auxiliary  generators  on  the  same  shaft  as  the  main  genera- 
tors or  from  a  supplementary  or  emergency  supply  from  a 
reserve  unit  called  a  house  turbo-generator. 
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Motor-driven  auxiliaries  are  favored  because  they  are  generally 
more  reliable  and  more  economical  than  steam-driven  auxiliaries. 
Piping  and  heat  losses  are  ehminated,  the  control  is  simpler  and 
more  flexible  for  remote  operation,  the  energy  for  supplying  the 
auxiliaries  can  be  secured  more  economically  and  more  efficiently 
and  a  simpler  and  more  efficient  heat-balance  system  can  be 
installed. 
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Fig.  53c. 

Fig.   52a,    h.  and   c. — Auxiliary  supply  for  the  Cahokia  station  of  the  Union 

Electric  Light  and  Power  Company. 


Reliability  of  Supply. — When  motor-driven  auxiliaries  are 
used  it  is  essential  to  design  a  reliable  method  for  supplying  them 
with  energy  and  to  get  this  energy  most  efficiently  and  economi- 
cally. It  is  also  necessary  to  devise  some  means  for  obtaining 
adjustable  or  variable  speed  on  the  motors  which  drive  certain 
auxiliaries,  such  as  stokers  or  fans. 
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Several  methods  have  been  proposed  or  used  to  secure  a  reUable 
energy  supply  to  auxiliaries  and  local  conditions  and  designers' 
opinions  often  determine  which  scheme  is  used  in  a  particular 
station. 


1.  In  some  very  recent  stations  the  main  generator  and  the 
main  step-up  transformer  for  the  generator  are  considered  as  a 
unit  in  order  to  avoid  switching  at  generator  voltage.  In  these 
stations  a  common  practice  is  to  place  a  transformer  for  supply- 
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ing  the  auxiliaries  of  this  unit  in  the  generator  leads.  This  high- 
reactance  transformer  normally  supplies  its  own  unit  auxiliaries, 
but  may  be  connected  to  a  reserve  or  emergency  bus  of  small 
energy  capacity  in  addition.  This  system  tends  to  localize 
trouble  with  auxiliaries  to  one  unit,  provides  a  simple  layout 
and  reduces  the  hazards  from  trouble  arising  in  other  parts  of 
the  station  to  a  minimum. 

2.  A  house  turbo-generator  as  a  reserve  or  emergency  supply 
for  auxiliaries  with  the  normal  supply  from  the  main  bus  through 
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Fig.    54. — Auxiliary   layout   for   the    Trenton    Channel    station   of   the    Detroit 
Edison  Company, 

a  transformer  is  a  very  common  scheme  in  many  stations.  It 
affords  a  reliable  supply,  but  the  layout  is  rather  comphcated. 
The  greatest  drawback  to  this  system  hes  in  the  fact  that  steam 
extraction  from  the  main  units  is  found  more  efficient  in  the 
heat-balance  system  than  when  exhaust  steam  from  the  house 
turbo-generator  is  used. 

3.  A  duplex  drive  system  is  installed  in  several  stations.  This 
involves  a  turbine-motor-generator  unit  on  one  shaft  for  supply- 
ing the  auxiliaries.  Under  normal  conditions  the  motor  is  ener- 
gized from  the  main  unit  bus  to  drive  the  auxiliary  generator. 
But  under  emergency  conditions  when  there  is  a  failure  of  motor 
energy  supply  the  governor  of  the  turbine  acts  to  cause  the  tur- 
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bine  to  pick  up  the  auxiliary  load.  This  type  of  installation  is 
very  reliable,  but  does  not  fit  efficiently  in  the  more  recent  heat- 
balance  systems  using  main  unit  steam  extraction  or  bleeding. 
4.  An  auxiliary  generator  mounted  on  the  extended  shaft  of 
each  main  turbo-generator  is  a  modern  type  of  auxiliary  supply. 
This  generator  normally  supplies  power  for  the  auxiliaries  of  the 
power  station  assembly  used  with  the  main  unit.  A  small  steam 
turbo-generator  equal  in  capacity  to  one  or  two  main  unit  auxil- 
iary generators  with  a  transfer  bus  arrangement  so  that  it  may 
supply  any  station  unit  is  often  used  as  a  reserve  or  emergency 
station  auxiliary  supply  should  a  shaft  generator  fail,  or  for  use 
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Fig.  55. — Heat-balance  diagram  of  the  Cahokia  station  of  the  Union    Electric 
Light  and  Power  Company. 

in  the  station  when  it  is  started  in  operation.  This  system  is 
economical  and  very  efficient  from  a  thermal  standpoint  because 
the  steam  in  the  main  turbine  is  used  to  drive  the  auxiliaries 
under  normal  conditions. 

5.  Combinations  of  systems  may  be  used,  and  the  system 
installed  in  the  Hudson  Avenue  station  by  the  Brooklyn  Edison 
Company  shows  the  extent  to  which  the  designers  went  to  insure 
reliable  auxiliary  service.  Figure  51  shows  the  layout  of  the 
auxiliary  service.  The  auxiliaries,  which  are  all  motor  driven 
except  one  boiler  feed  pump  (there  being  three  to  each  group  of 
two  main  units),  are  supplied  from  two  buses,  one-half  being 
connected  to  A  bus  and  one-half  to  B  bus.     These  two  buses  are 
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supplied  at  one  end  by  a  6,000-kva.  transformer  bank  taking 
current  from  the  main  bus  and  an  induction-motor  synchronous- 
generator  set.  The  synchronous  generator  is  a  00-cycIe  machine 
of  5,000-kva.  capacity  and  the  induction  motor  is  a  25-cycle 
machine  of  4,500-kw.  capacity.  A  1,500-kw.  direct-current 
generator  for  supplying  current  to  stoker,  clinker  roll  and  forced- 
draft  fan  motors  is  also  made  a  part  of  this  set. 

The  opposite  end  of  the  two  buses  are  supplied  by  a  4,5(50-k\v. 
house  turbine  with  a  6,000-kva.  generator.  This  generator  is 
good  for  6,000  kva.  at  0  per  cent  power  factor.     Reactances  are 
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56. — Heat-balance  diagram  of  the  Kearny  station  of  the  Public  Service 
Electric  and  Gas  Company. 


installed  before  and  after  the  transformer  bank  and  a  quite  high 
reactance  on  bus  A  next  to  switch  3. 

Under  normal  operation,  swtich  6  is  left  open  and  the  synchron- 
ous-induction motor-generator  set  is  just  floating  on  the  line, 
taking  no  current  from  the  25-cycle  system  to  which  it  is  con- 
nected but  with  the  synchronous  machine  running  as  a  condenser 
and  correcting  the  power  factor  and  also  driving  the  direct-current 
generator. 

All  sets  have  differential  relay  protection  and  the  worst  that 
can  happen  through  trouble  to  any  one  of  the  three  is  loss  of  one- 
half  the  auxiliaries,  leaving  two  sources  of  silpply  connected  to 
the  bus.  With  this  arrangement  it  is  also  possible  to  shut  down 
the  house  turbine,  securing  better  economy  and  still  having  two 
separate  sources  of  supply  for  the  auxiUaries. 
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6.  Combination  arrangements  of  shaft-end  generators  and 
house  turbo-generators  are  often  used  for  large  stations.  These 
systems  are  based  on  dividing  the  auxiharies  into  two  groups — 
essential  and  non-essential.  Circulating  water  pumps,  boiler- 
feed  pumps  and  other  auxiliaries  necessary  at  all  times  for  main 
unit  operation  are  called  essential  auxiliaries.  Forced-draft 
fans,  induced-draft  fans  and  other  auxiliaries  which  may  be  out 
of  service  for  short  periods  without  affecting  the  operation  of  the 
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67. — Feed-water  system  of  Trenton   Channel  station  of  Detroit  Edison 
Company. 


main  unit  materially  are  called  non-essential.  Two  typical 
arrangements  for  this  combination  are  as  follows: 

a.  A  shaft-end  generator  on  the  main  unit  supplies  the  auxil- 
iary bus  used  in  normal  operation  and  an  automatic  switch  throws 
the  auxiliaries  on  a  reserve  bus  supplied  by  a  transformer  con- 
nected to  the  main  station  when  trouble  occurs.  This  is  a  simple 
and  very  reliable  system  for  a  station  which  is  interconnected 
with  other  stations. 

h.  A  modification  of  the  foregoing  installation  uses  a  house 
turbo-generator  to  operate  in  parallel  with  the  shaft-end  generator 
auxiliary  bus  and  with  the  reserve  bus  supphed  through  trans- 
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formers  from  the  main  bus.  This  house  unit  may  be  connected 
to  carry  no  load  under  normal  conditions  but  will  operate  under 
abnormal  conditions  to  carry  the  auxiliary  load  for  one  or  more 
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Fig.  58. — Heat-balance  diagram  for  Edgar  station  of  Edison  Electric  Illuminating 
Company  of  Boston. 

main   units.     When   trouble   occurs   with   the   shaft  generator 
supplying  the  auxiliary  bus  the  load  is  transferred  to  the  house 
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Fig.  59. — Heat-balance  diagram  of  Richmond  station  of  the  Philadelphia  Electric 
Company. 


turbo-generator.  In  a  similar  manner,  reverse  energy  relays 
can  be  used  to  disconnect  the  house  unit  from  the  reserve  auxil- 
iary  bus   in  the  event  trouble  occurs  on  that  supply.     This 
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system  permits  the  use  of  shaft-end  generators  of  reduced  capac- 
ity and  affords  a  means  for  starting  the  station. 

The  merits  and  demerits  of  the  various  auxihary  systems 
depend  on  opinion  and  local  operating  conditions,  but  some 
general  statements  apply.  When  two  auxiliary  buses  are  used, 
one  supplied  from  the  main  bus  and  the  other  from  a  house 
generator,  a  reliable  supply  is  obtained  but  it  is  more  difficult 
to  maintain  heat  balance  unless  main  unit  bleeding  and  main 
unit  load  shifting  are  practiced.  And  when  these  two  buses  are 
tied  with  a  reactor  so  that  parallel  operation  can  occur,  it  is 
difficult  to  use  a  reactor  which  will  localize  trouble  and  yet  permit 
auxiliary    energy    to    be    supplied    through    it.     Heat-balance 
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Fig.  60. — Feed-water  system  for  Waukeegan  station  of  the  Public  Service  Com- 
pany of  Northern  Illinois. 

adjustments  with  or  without  main  unit  bleeding  can  be  accom- 
phshed  easily  when  the  auxiliary  bus  supplied  by  the  house 
generator  operates  in  parallel  with  the  main  bus,  but  disturbances 
on  the  main  bus  are  apt  to  affect  the  auxiliary  service.  Arrange- 
ments such  as  using  double  buses  with  a  motor-generator  tie, 
double  breakers  and  automatic  change  over  switches  become  very 
complicated  and  expensive.  The  trend  toward  direct-connected 
shaft-end  units  or  the  use  of  unit  supply  from  transformers  in 
the  leads  of  each  generator  is  simplifying  auxihary  practice 
and  at  the  same  time  permits  a  proper  heat  balance  to  be  readily 
maintained.  Frequently,  a  reserve  auxiliary  bus  is  used  which 
is  supplied  by  a  house-turbine  unit,  by  a  transformer  bank  or 
by  a  motor-generator  set  connected  to  the  main  bus.     This  gives 
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Fig.  63. — Heat  flow  diagram  for  a  35,000-kw.,  unit  in  the  Philo  station  of  the 
Ohio  Power  Company. 
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Air  washer 25 


Service  pump 

Coal  handling 

Miscellaneous  and  lighting. 


Total 1,288 

Boiler  feed  pump 372 


Total. 


114 


ELECTRIC  POWER  STATIONS 


a  second  and  separate  supply  for  auxiliaries  under  emergency 
conditions. 

The  fact  that  variable  speed  is  desirable  for  stokers,  circulating 
pumps  and  fans  has  caused  some  designers  to  use  direct-current 
motors  for  these  applications.  In  other  instances  pole-changing 
or  brush-shifting  alternating-current  motors  have  been  used 
and  many  special  applications  require  wound-rotor  induction 
motors.  The  favored  motor,  however,  for  most  auxiliary  drives 
is  the  squirrel-cage  induction  motor. 
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ing  boiler   feed    make-up    water   with    a    two-effect   pressure    or   low-heat-level 
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A  general  principle  for  motor  drives  is  to  arrange  to  hold  motors 
on  the  line  under  all  service  conditions.  Full- voltage  starting, 
excess-torque  specifications  and  the  elimination  of  low-voltage 
releases  are  usually  features  of  auxiliary  motors.  Duplicate 
motors  are  often  installed  on  fans,  condensate  pumps  and  circulat- 
ing water  pumps.  Each  motor  may  have  the  same  or  different 
ratings,  depending  upon  conditions  and  opinions.  Excess-torque 
specifications  enable  motors  to  hold  their  load  under  low-voltage 
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conditions  and  permit  them  to  respond  quickly  to  speed  changes 
of  the  main  unit. 

GENERAL  PRINCIPLES  TO  APPLY 

Until  the  introduction  and  use  of  the  auxiliary  shaft-end 
generator  most  main  units  were  equipped  with  a  direct-connected 
exciter.  The  addition  of  an  auxiliary  generator  and  an  ex'citer 
makes  a  very  long  main  unit,  so  that  in  several  cases  motor-genera- 
tor sets  or  duplex-driven  exciters  are  used  with  the  auxiliary 
generator.  Where  the  house  generator  is  installed,  the  direct- 
connected  exciter  may  still  be  used,  as  the  circulating  pumps 
are  then  the  only  electrically  driven  auxiliaries  that  cannot 
stand  a  short  interruption  to  the  supply  of  current  to  the  motor. 

The  speed  of  circulating  pumps  on  large  units  is  so  slow  that 
geared  duplex-driven  units  would  be  necessary.  The  pole-chang- 
ing squirrel-cage  motor  for  driving  the  circulating  pump  permits 
of  the  operation  of  two  motors  at  all  times,  even  at  light  loads, 
with  a  relatively  small  consumption  of  power.  Practically  all 
large  units  have  been  equipped  with  duplex  auxiliaries.  This 
has  resulted  in  a  reduction  in  the  capital  cost  per  kilowatt-hour 
generated,  on  account  of  the  greater  availability  of  the  main 
units  and  a  consequent  reduction  in  the  amount  of  spare  capacity 
required. 

Generators  supplying  current  to  essential  auxiliaries  should 
have  their  individual  exciters.  Where  these  generators  are 
operated  lightly  loaded  and  in  case  of  emergency  will  have  to 
pick  up  a  large  load  automatically,  either  the  excitation  must  be 
adjusted  automatically  when  the  load  is  dumped  on  the  machine 
or  the  field  must  be  adjusted  to  carry  such  a  load  at  all  times. 

In  many  stations  large  amounts  of  money  have  been  spent  in 
comphcated  controls,  upon  which  a  handsome  return  may  be 
earned  in  case  high-priced  fuel  is  burned,  but  an  increase  in  the 
cost  of  power  will  result  if  this  same  type  of  equipment  is  installed 
in  a  plant  burning  low-priced  fuel.  In  this  case  a  simphfication 
of  the  equipment  can  frequently  be  made  by  the  use  of  dampers 
or  throttling  devices  on  control  equipment,  which  will  result  in 
greater  reliability.  The  use  of  two  motors  of  different  sizes  to 
take  the  place  of  a  single  more  expensive  one  will  frequently  give 
practically  the  same  efficiency  at  the  same  initial  cost,  and  in 
addition  provide  two  drives  for  the  auxiliary. 
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The  auxiliary  generator  appears  to  be  best  adapted  for  service 
in  stations  feeding  a  great  number  of  lines,  in  which  the  trouble 
occurring  on  a  feeder  can  be  h  mi  ted  to  a  local  section  of  the  sta- 
tion. In  large  stations  supplying  high-capacity  transmission 
Hnes,  external  trouble  is  more  frequently  encountered  and  is 
larger  in  magnitude,  and  in  this  class  of  station  the  most  reliable 
source  of  power  supply  for  the  auxiliaries  is  demanded. 

Rehability  is  the  prime  essential  for  the  auxiliary  supply  of 
any  station,  and  although  no  definite  rules  can  be  stated  which 
will  apply  to  all  conditions,  it  is  well  to  consider  for  any  station 
certain  fundamental  arrangements  which  have  proved  worth 
while  and  have  been  tried  out.     These  may  be  stated  briefly  as: 

1.  Each  main  generating  unit  should  have  a  separate  and 
independent  source  of  auxiliary  power  and  each  auxiliary  should 
have  at  least  two  sources  of  power  supply. 

2.  Those  auxiliaries  essential  to  station  operation  should  be 
supplied  by  a  separate  and  more  reliable  source  of  power  than 
those  auxiliaries  which  can  have  their  power  supply  interrupted 
for  a  short  period,  and  there  should  be  no  connection  between 
the  power  supply  for  the  essential  auxiharies  and  the  outgoing 
lines  from  the  station 

3.  In  some  applications  duplicate  auxiharies  should  be  installed 
to  secure  reliabihty.  In  other  cases  where  the  auxiliary  itself  is 
very  reliable  it  is  good  practice  to  install  duplicate  drives  for  the 
auxiliary. 

4.  On  the  essential  auxiharies  the  motors  should  be  able  to 
start  with  full  voltage.  On  all  motors,  protective  devices  should 
be  simple  and  should  operate  only  in  the  event  of  trouble  of  long 
duration  in  or  near  the  motors. 

5.  Where  a  single  power  station  only  is  installed,  a  house 
turbo-generator,  a  few  steam-electric  auxiliaries  or  some  reserve 
steam-driven  auxiliaries  should  be  used  so  that  at  least  one  of  the 
main  units  of  the  station  can  be  started  in  operation. 

Heat-balance  Systems. — The  full  utilization  of  the  recircula- 
tion of  heat  to  absorb  as  much  heat  as  possible  in  a  useful  way 
requires  a  definite  analysis  of  the  complete  thermal  performance 
of  a  station  and  a  study  of  the  relative  advantages  of  different 
assemblies  of  equipments.  Some  things  done  to  save  heat  are 
as  follows:  use  of  a  minimum  of  cold  make-up  water,  use  of 
exhaust  or  bled  steam  to  heat  feed  water,  use  of  bled  steam  or  of 
flue  gases  to  heat  the  air  required  for  combustion,  use  of  the  heated 
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air  from  the  generators,  use  of  evaporators  for  boiler  feed  water 
and  use  of  all  exhaust  steam  available  to  heat  feed  water. 

New  stations  use  stage  bleeding  of  main  units  to  heat  feed 
water  and  the  flue-gas  air  heater  for  heating  the  combustion  air. 
The  use  of  stage  bleeding  for  feed-water  heating  has  had  a  tend- 
ency to  relegate  the  house  turbine  to  emergency  or  standby 
service  and  to  eliminate  the  economizers  from  boiler  installations. 
The  use  of  air  heating  has  proved  very  satisfactory  and  the  timit- 
ing  factor  is  the  effect  of  high  furnace  temperatures  on  equipment 
and  refractories  in  the  boiler  furnaces. 

In  high-pressure  stations  the  feed  water  is  heated  from  two  or 
four  levels  but  when  economizers  are  used  only  single  or  double 
heat  levels  can  be  used.  With  the  use  of  stage  heating  of  feed 
water,  it  has  become  more  difficult  to  install  feed-water  evapora- 
tors that  will  not  increase  the  heat  requirements  of  the  station. 
The  greater  the  number  of  heat  levels  the  more  complicated  the 
evaporator  system  and  the  more  expensive  it  becomes.  The  use 
of  steel-tube  economizers  calls  for  the  installation  of  deaerators 
to  prevent  air  enrichment  of  the  condensate  and  the  introduction 
of  these  devices  adds  to  complexity  and  costs.  But  it  is  advisable 
to  have  the  oxygen  content  of  the  condensate  to  a  low  value  of 
about  0.02  c.c.  per  hter  for  satisfactory  operation.  Closed  con- 
densate systems  have  been  introduced  successfully  to  prevent 
air  from  getting  into  the  condensate. 

The  feed  water  entering  economizers  is  heated  to  at  least  210°F., 
and,  without  economizer  installations,  and  using  multiple  level 
heating  by  bled  steam  the  water  is  heated  to  about  300°F.  Heaters 
operating  at  atmospheric  pressure  are  made  of  rolled-in  tubes 
with  U-bends  for  handling  the  condensed  steam,  but  those  operat- 
ing above  atmospheric  pressure  require  traps  to  handle  the 
condensed  steam.  Pumps  are  favored  to  return  the  heater  conden- 
sate to  the  station  condensate  system.  When  superheated  steam 
is  used  in  the  heaters  the  materials  must  be  designed  for  the 
higher  temperature  stresses,  and,  depending  on  the  effect  of 
superheated  steam,  the  terminal  difference  ranges  to  a  minimum 
of  about  5°F.  as  satisfactory  for  operation. 

Closed  heaters  are  vented  either  to  a  lower  stage  of  the  turbine 
or  to  a  lower  level  heater.  The  deaerator  type  of  heater  is  often 
used  as  a  vented  plant  heater  and  the  heat  in  the  escaping  vapor 
is  condensed  by  the  incoming  cold  water,  but  a  steam  ejector 
must  be  used  if  the  pressure  is  above  atmospheric.     A  Venturi 
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jet  type  of  heater  has  been  proposed,  but  it  requires  a  high  water 
velocity  to  lower  the  bled  steam  to  a  pressure  below  that  in  the 
main  unit. 

Evaporator  systems  to  supply  make-up  water  for  boilers  are 
now  used  in  a  majority  of  stations.  On  an  average,  the  percen- 
tage of  make-up  for  which  evaporator  capacity  is  installed  is  3 
and  the  source  of  steam  for  the  evaporators  is  the  extracted  steam 
from  the  main  units.     In  some  cases  the  auxiliary  or  house- 
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Fig.  65. — Approximate  heat  diagram  for  an  evaporating  plant  for  provid- 
ing boiler  feed  make-up  with  a  two-effect  or  high-heat-level  Griscom-Russell 
system, 

turbine  exhaust  and  even  live  steam  is  used  for  the  evaporator 
system.  The  vapor  from  the  condensate  is  usually  condensed 
between  the  second-  and  the  third-level  heaters  and  the  steam  for 
the  evaporators  is  obtained  from  the  third-level  bleeding  point 
at  a  temperature  of  about  305°.  This  steam,  in  this  case,  is 
condensed  in  the  evaporator  condenser  or  in  the  second-level 
heater. 

In  order  to  eliminate  oxygen  from  boiler  feed  water  which 
causes  it  to  attack  metal  parts,  the  feed-water  deaerator  is  often 
used.     The  deaerator  is  located  in  the  condensate  system  where 
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the  pressure  is  slightly  above  atmospheric  and  the  amount  of 
steam  required  to  deaerate  the  condensate  is  about  2  per  cent  of 
the  condensate.  When  exhaust  steam  from  steam-driven  auxil- 
iaries is  available  it  is  usually  discharged  into  the  deaerator  and 
thus  makes  it  a  plant  feed-water  heater  also.  Deaerating  hot 
wells  have  been  proposed  and  used  in  some  plants,  but  data  are 
not  yet  available  on  their  performance. 

The  condensate  should  be  under  pressure  at  all  times  in  the 
station  feed-water  system  and  a,  surge  tank  should  be  placed  to 
give  this  result.  The  condensate  should  flow  into  and  out  of  this 
tank  rather  than  through  it.     Another  solution  much  favored  is 
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Fig.  66. — Effect  of  single-,  double-  and  triple-stage  extraction  on  feed-water 
temperature  and  station  economy.  Windsor  station  with  a  30,000-kw.  turbine, 
twenty  high  B.  &  W.  cross-drum  boilers,  steam  at  throttle,  300  lb.;  200°  super- 
heat; back  pressure,  1  in.  Hg.,  no  economizer,  natural  draft. 


the  use  of  a  completely  closed  feed-water  system  which  cannot 
take  up  oxygen  and  eliminates  the  necessity  for  use  of  deaerators. 

When  economizers  are  not  used  and  bled  steam  is  used  for 
feed- water  heating  many  stations  introduce  boiler  feed  make-up 
water  into  the  main  condenser  and  eliminate  deaerators.  This 
closed  system  has  maintained  an  oxygen  content  of  0.1  c.c.  per 
liter  in  the  condensate  successfully. 

The  use  of  bled  steam  for  feed-water  heating  has  tended  to 
reduce  the  heat  head  for  the  feed-water  evaporator  when  the 
evaporator  is  installed  between  bleeding  stages.  Alternative 
arrangements  involve  the  installation  of  the  evaporator  condenser 
after  the  highest  level  heater  or  after  the  feed  water  has  passed 
through  the  economizer.  Or,  when  economizers  are  used,  the 
evaporator  condenser  may  be  placed  before  the  economizer,  in 
which  case  the  temperature  rise  in  the  economizer  is  reduced 
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about  0.3°  for  every  degree  increase  in  the  temperature  of  the 
feed  water  entering  the  economizer.  In  other  cases,  in  order  to 
deaerate  the  evaporated  water,  the  evaporator  may  be  supphed 
by  steam  from  the  first-  or  second-level  bleeder  points  and  the 
vapor  may  be  exhausted  into  the  main  unit  condenser. 

There  is  a  difference  of  opinion  as  to  the  upper  temperature  to 
which  the  feed  water  should  be  heated  by  exhaust  or  bled  steam, 
but  210°  is  the  lowest  value  desirable  when  using  steel-tube  econo- 
mizers in  order  to  eliminate  oxygen  easily  from  the  feed  water. 
In  a  paper  presented  before  the  A.S.M.E.  in  December,  1922, 
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Fig.  G7. — Effect  of  single-,  double-,  and  triple-stage  extraction  on  feed-water 
temperatures  and  station  economy.  Windsor  station  with  a  30,000-kw.  tur- 
bine, fourteen  high  B.  &  W.  cross-drum  boilers,  steam  at  throttle,  300  lb.;  200° 
superheat;  back  pressure  1  in.  Hg,  economizer  60  per  cent  of  boiler  surface, 
natural  draft. 


Mr,  Helander  showed  the  results  of  theoretical  studies  of  the 
subject  based  on  a  boiler  efficiency  of  75  per  cent  for  a  boiler 
alone  when  equipped  with  an  economizer  and  of  78  per  cent  for  a 
higher  boiler  having  no  economizer.  The  results  indicated  that 
the  B.t.u.  required  for  three-stage  heating  without  an  economizer 
is  1^  per  cent  more  than  for  two-stage  heating  with  an  economizer 
at  a  temperature  of  333°  as  compared  to  a  temperature  of  245° 
for  double-stage  heating  using  an  economizer. 

An  experimental  study  of  the  same  subject  was  reported  by  the 
Prime  Movers  Committee  of  the  N.E.L.A.  in  1923  and  the 
results  are  shown  in  Figs.  66,  67  and  68. 
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The  curves  in  Fig.  66  show  the  thermal  consumption  obtainable 
with  single-,  double-  and  triple-stage  heating  to  various  tempera- 
tures, and  without  economizers.  The  curves  are  drawn  for  a 
given  constant  load. 

The  curve  marked  "Number  1"  is  obtained  by  assuming 
bleeding  at  one  stage  only  but  successively  for  each  of  the  stages 
indicated.  Maximum  economy  is  obtainable  with  a  feed-water 
temperature  in  the  neighborhood  of  260°,  which  correspfonds 
roughly  to  bleeding  from  the  tenth  stage . 

The  curve  marked  "Number  2"  indicates  the  most  economical 
point  to  occur  with  a  feed-water  temperature  of  about  285°,  while 
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Fig.  68. — Comparison  of  thermal  economy  with  house  turbine  and  with 
extraction  heating  in  Windsor  station  with  equipment  and  conditions  as  indi- 
cated in  Fig.  66. 


with  triple-stage  heating  the  best  result  is  obtained  with  a  feed- 
water  temperature  of  about  310°. 

Results  obtained  when  using  single-,  double-  and  triple-stage 
heating  with  less  efficient  boilers  combined  with  economizers  are 
shown  in  Fig.  67.  It  is  interesting  to  note  the  gain  indicated  as 
obtainable  by  adopting  stage  heating  in  place  of  a  house  turbine. 
Obviously,  when  using  any  given  house  turbine  in  an  actual 
station  it  must  be  designed  for  some  average  temperature  and  the 
performance  curve  will  be  still  more  concave  than  that  shown. 
It  is  also  interesting  to  note  the  feed-water  temperatures  corre- 
sponding to  minimum  thermal  requirements  for  the  station.  In 
spite   of  the  use  of  economizers,  these  are  about  220°  for  single- 
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stage  heating,  235°  for  two-stage  heating  and  260°  for  three-stage 
heating. 

The  practical  computation  of  feed-water  heating  by  bleeding  is 
treated  splendidly  in  a  paper,  "Economy  Characteristics  of  Stage 
Feed  Water  Heating  by  Extraction,"  by  E.  H.  Brown  and  M.  K. 
Drewry,  A.S.M.E.,  1923. 

Make-up  Water. — The  use  of  motor-driven  auxiliaries  results 
in  less  than  3  per  cent  of  make-up  water  for  the  boilers,  and  this 
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Fig.  69. — Approximate  heat  diagram  for  evaporating  plant  for  providing 
boiler  feed  water  make-up.  Single-effect,  high-heat-level  Griscom-Russell 
system. 


small  amount  together  with  the  increased  impurity  of  natural 
water  supplies  makes  it  economical  and  advisable  to  have  evap- 
orated make-up  water.  To  secure  this  evaporated  water  a 
high-pressure  evaporator  system  may  be  used  which  operates  at 
slightly  less  than  boiler  pressure  and  uses  the  boiler  feed  water  to 
absorb  the  vapors  at  about  212°F.,  or  a  low-pressure  evaporator 
system  may  be  used  which  works  at  or  below  atmospheric  pres- 
sure and  a  vacuum  of  20  to  25  in.  of  mercury  and  uses  the  con- 
densate to  absorb  the  vapors.  The  high-pressure  system  may 
be  used  with  double  or  triple  effect. 
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The  evaporators  operate  with  a  unit  temperature  difference 
between  the  steam  and  vapor  ranging  from  30  to  100°  and 
Table  XIX  gives  data  on  an  evaporator  system  when  the  evapo- 
rated water  equals  4  per  cent  of  the  amount  of  the  boiler  evapora- 
tion and  the  evaporator  feed  temperature  is  70°F. 

Table    XIX. — Temperature    Rises    and    Temperature    Differences 
FOR  Evaporators! 


Number  of 
effects 

Rise  in  temperature 

by  absorbing  vapor 

from  elevator  and 

drain  from  coils 

Rise  in  temperature 

from  absorbing 
vapor  from  evapor- 
ator only 

Ordinary  difference  between 

temperature  of  saturated 
steam  supplied  to  evapora- 
tors and  inlet  temperature 
of  boiler  feed  entering 
evaporating  condenser 

1 

2 
3 

48 
28 
21 

40 
18 
11 

100-125 
165-200 
200-250 

1  N.E.L.A.  Prime  Movers  Committee,  1923. 

The  following  discussion  on  evaporator  systems  is  taken  from 
the  Report  of  the  Prime  Movers  Committee  of  the  N.E.L.A., 
1923. 


The  following  are  a  few  of  the  general  schemes  of  connecting  the 
evaporators  into  the  steam,  exhaust  and  condensate  systems: 

First. — High-pressure  evaporator,  most  commonly  double  effect, 
working  with  saturated  steam  at  approximately  boiler  drum  pressure, 
the  vapor  being  discharged  to  the  plant  feed-water  heater.  This  type 
of  system  is  referred  to  as  "low-heat-level."  A  typical  arrangement  is 
shown  in  Fig.  64. 

The  condensing  of  the  evaporator  vapor  in  the  boiler-feed  open  heater 
is  only  efficient  in  cases  where  this  increase  of  temperature  will  not 
cause  a  temperature  in  the  heater  exceeding  the  convenience  of  power 
station  heat  balance.  If  the  temperature  in  the  boiler-feed  open  heater, 
without  evaporators,  is  as  high  as  can  be  permitted,  the  absorption  of 
evaporator  vapor  would  then  displace  auxiliary  exhaust  or  bleeder 
steam  in  equal  amount.  While  this  arrangement  does  not  waste  any 
heat,  the  plant  is  not  utilizing  the  opportunity  to  generate  a  certain 
amount  of  power  very  cheaply,  as  steam  bled  from  the  main  unit  or 
steam  from  the  house  turbine  develops  power  at  the  turbine  for  the  heat 
equivalent  of  a  kilowatt  plus  the  radiation,  friction  and  generator  losses, 
or  approximately  4,000  B.t.u.,  whereas  if  an  equal  amount  of  power  has 
to  be  developed  by  steam  expanded  to  the  pressure  in  the  condenser  of 
the  main  unit,  the  heat  charged  against  the  turbine  is  approximately 
three  to  four  times  as  much. 
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In  case  the  evaporator  vapor  displaces  steam  bled  from  the  main  unit, 
the  reduction  in  the  amount  of  4,000  B.t.u.  power  which  can  be  obtained 
from  the  main  unit  is  between  two-thirds  and  seven-eighths  of  1  per 
cent  of  its  maximum  output,  when  the  average  amount  of  make-up 
is  2  per  cent  of  the  maximum  amount  of  water  evaporated  by  the  boilers. 
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Fig.  72. — Heat-balance  diagram  for  Hudson  Avenue  station  of  Brooklyn  Edison 
Company. 


Second. — The  disadvantages  of  the  arrangement  just  described  can 
be  overcome  if,  in  place  of  discharging  the  vajDor  from  the  evaporators 
into  the  plant  heater,  the  vapor  is  condensed  by  the  boiler  feed  water  in 
a  closed  heater  located  between  the  boiler  feed  pump  and  the  boiler. 
This  is  commonly  referred  to  as  a  "high-heat-level"  evaporator  system. 
Such  an  arrangement  has  the  slight  disadvantage  that  the  evaporator 
condensor  must  be  built  for  full  feed-water  pressure.  However,  such 
condensers  are  in  service  in  several  plants,  and  are  operating  satisfactorily. 
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The  only  losses  in  this  system  are  those  due  to  radiation  and  to  blow 
down  at  a  temperature  in  excess  of  210°F.     These  losses  are  but  about 


2  per  cent  of  the  heat  passing  through  the  evaporator  in  the  average 
case  and  may  be  disregarded. 

The  arrangement  of  equipment  and  quantities  for  a  typical  case  is 
shown  in  Fig.  65. 
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This  arrangement  can  be  used  when  economizers  are  installed,  the 
boiler-feed  water  absorbing  the  heat  of  the  vapor  before  entering  the 
economizer.  With  a  double-effect  evaporator  and  2  per  cent  make-up, 
this  would  increase  the  temperature  of  the  water  entering  the  economizer 
about  14°,  or  with  a  triple  effect,  about  10°.  The  temperature  rise 
through  the  economizer  would  then  be  decreased  about  4°  for  the  double- 
effect  and  3°  for  the  triple-effect  evaporator.  The  corresponding 
increase  in  coal  requirements  in  an  18,000  B.t.u.  station  would  be  of  the 
order  of  0.28  to  0.376  per  cent.  The  loss  from  this  source  would  be 
about  two-thirds  of  the  loss  with  the  first  arrangement. 
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Fig.  74. — Boiler  test  results  with  preheated  air  in  Colfax  station,  (a)  General 
arrangement  of  boiler  and  preheater  system.  (6)  Distribution  of  difference  in 
efficiencies.     (C.  W.  E.  Clark,  A.S.M.E.,  1923.) 

Third. — In  a  plant  in  which  multi-stage  bleeding  is  used  a  great 
many  arrangements  of  evaporating  equipment  are  possible.  There 
appears  to  be  a  tendency  toward  the  use  of  high-pressure  evaporators 
with  absorption  of  evaporator  vapor  heat  at  high  temperature  by  the 
feed  water  on  its  way  to  the  boiler.  If  an  economizer  is  not  installed, 
it  is  probable  that  the  second  scheme  described  above  would  be  adopted, 
that  is,  the  heat  from  the  vapor  would  be  absorbed  by  the  feed  water 
after  the  latter  has  been  heated  by  steam  bled  from  the  turbine.  Two 
of  the  later  plants  are  putting  in  high-heat-level  condensers,  and  absorb- 
ing the  heat  from  the  evaporators  at  temperatures  in  excess  of  300°. 
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This  arrangement  with  a  properly  chosen  final  temperature  will 
probably  be  the  most  efficient  to  use  with  multi-stage  heat  extraction, 
with  or  without  economizers  and  with  single-effect  or  two-effect 
evaporators. 

The  range  in  temperature  between  boiler  drums  and  boiler  feed  water, 
after  the  latter  has  been  heated  to  the  most  efficient  temperature  for 
double-  or  triple-stage  heating  without  economizers,  or  after  the  econo- 
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mizers  when  there  has  been  single-  or  double-stage  heating,  is  about 
sufficient  for  a  single-effect  evaporator.  This  scheme  causes  no  heat 
losses  other  than  radiation  and  high-temperature  evaporator  blow  down. 
Of  course,  the  loss  in  the  blow  down  can  be  largely  conserved  through 
heat  exchangers  if  their  use  can  be  justified  on  an  economic  basis. 

Interchange  of  heat  at  high  temperature  has  been  tried  out  in  the 
Navy  with  the  idea  of  heating  the  boiler  feed  water  to  approximately 
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steam  temperature  before  entering  the  boiler.     There  seems  to  be  no 
reason  why  heaters  cannot  be  built  for  this  purpose,  but  so  far  there  has 
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been  a  scarcity  of  practical  experience  with  them  in  connection  with 
evaporators. 
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One  method  of  arranging  evaporators  for  this  scheme  is  shown  in 
Fig.  69.  Blow-down  connections  and  heat  interchangers  have  been 
omitted  for  simpUcity.  The  diagram  actually  shows  a  case  in  which 
the  feed  water  is  heated  in  a  barometric  condenser  instead  of  by  stage 
heating,  but  this  is  immaterial  so  far  as  the  upper  part  of  the  diagram  is 
concerned.  The  evaporators  and  high-heat-level  condenser  are  so 
arranged  that  by  different  valve  settings  the  system  may  be  operated 
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Fig. 


as  a  multiple  single-effect  with  the  high-heat-level  condenser  between 
economizer  and  boiler,  or  as  a  two-effect  with  the  high-heat-level  evapo- 
rator preceding  the  economizer.  This  affords  great  flexibility  for 
meeting  the  requirements  of  various  fractional  loads. 

Air  Pumps  and  Heaters.— The  steam-jet  air  pump  of  the  inter- 
cooler  type  is  very  frequently  used  alone  or  in  combination  with 
the  hydraulic  pumps.     The  usual  method  of  recovering  the  steam 
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used  by  the  first  stages  of  the  ejectors  is  to  trap  the  water  from 
the  intercooler  back  to  the  main  condenser  and  that  of  the  last 
stages  is  taken  to  the  surface  condensers  in  which  the  condensate 
absorbs  the  heat  and  the  air  is  permitted  to  escape.  The  con- 
densed steam  then  is  returned  to  the  evaporator  hot  well. 

Air  separation  by  deaerators  is  practiced  when  steel-tube  econo- 
mizers are  used.  In  one  type  of  deaerator  the  condensate  is 
heated  15  or  20°  above  the  temperature  of  delivery  to  the  econo- 
mizer and  then  boils  in  a  vacuum  after  cascading  over  trays. 
The  heat  in  the  vapor  often  is  absorbed  by  the  condensate  before 
it  goes  to  the  deaerator  heater.  In  another  type  of  deaerator, 
exhaust  steam  of  sufficient  temperature  to  boil  the  condensate  is 
passed  through  coils  placed  in  contact  with  the  condensate  caus- 
ing it  to  boil.  If  the  pressure  is  below  atmospheric  a  vacuum  is 
maintained.  If  the  steam  comes  from  the  main  unit  its  heat 
must  be  given  the  condensate  before  it  enters  the  deaerator 
heater,  and  in  the  usual  arrangement  the  deaerating  equipment 
provides  all  or  most  of  the  storage  supply  for  the  boiler-feed 
pump. 

The  use  of  deaerators  limits  the  amount  of  heat  which  can  be 
absorbed  from  main  unit  steam  from  the  lower  stages,  as  this 
bleeding  must  occur  at  a  pressure  corresponding  to  the  temperature 
to  which  the  condensate  must  be  heated  for  air  extraction  and 
the  exhaust  steam  must  be  hot  enough  to  heat  the  condensate 
about  25°F. 

Closed  heaters  prevent  oxygen  getting  into  the  condensate, 
prevent  the  flow  of  steam  into  the  turbine  when  stage  bleeding  is 
used  if  the  pressure  at  the  bleeding  point  falls  below  the  vaporiza- 
tion temperature  of  the  material  in  the  heater  and  permit  the 
use  of  a  minimum  number  of  pumps  for  handling  water.  They 
are  used  in  practically  all  cases  when  bleeding  is  practiced, 
although  they  are  more  expensive  than  jet  condensers,  require  a 
higher  temperature  head  and  are  difficult  to  arrange  for  air 
extraction. 

Jet  condensers  or  open  heaters  are  usually  restricted  for  use 
with  exhaust  steam  from  sources  such  as  auxiliaries  and  main 
unit  glands.  Their  chief  disadvantages  are  that  they  permit 
oxygen  to  be  absorbed  and  are  difficult  to  install  on  bleeder 
systems. 

Oil  Coolers. — The  oil  used  in  turbine  bearings  and  power 
transformers  becomes  heated  and  some  of  this  heat  may  be 
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absorbed  by  the  condensate,  but  this  usually  involves  rather 
complicated  piping  arrangements,  as  there  must  be  a  reserve 
cooling  source  and  there  is  no  direct  relation  between  condensate 
flow  and  oil  temperature.  Figure  79  shows  an  arrangement  of 
condensate  oil  cooling  used  by  one  company. 

Air  Heaters  Successful. — Air  may  be  heated  in  a  station  by 
the  generators,  by  extracted  or  bled  steam  or  by  stack  gases. 
In  some  cases  the  heated  generator  air  is  taken  to  the  boilers, 
but  the  thermal  gain  is  slight  and  the  costs  are  often  quite  heavy. 
On  the  other  hand,  very  good  possibihties  are  offered  for  heating 
combustion  air  by  use  of  stack  gases  or  bled  steam. 


']aj>nps 


TO  eirce 

Fig.  79. — Condensate  oil-cooling  system  in  Colfax  station  of  Duquesne  Light 
( "ompany. 


Recent  tests  in  several  stations  on  combustion  air  heating 
have  proved  very  successful  and  many  new  stations  have  recently 
installed  air  heaters.  Figure  74a  and  6  shows  the  equipment 
and  the  results  obtained  in  tests  at  the  Colfax  plant  of  the 
Duquesne  Light  Company  as  reported  by  C.  W.  E.  Clarke  to 
the  A.S.M.E.  in  1923.  The  tests  were  made  on  a  B.  &  W.  boiler 
having  22,914  sq.  ft.  of  heating  surface,  7,500  cu.  ft.  of  furnace 
volume  and  2,999  sq.  ft.  of  superheating  surface  located  in  the 
first  pass.  The  pressure  was  275-lb.  gage  and  11,200  sq.  ft.  of 
preheating  surface  was  used. 

The  following  abstract  of  a  paper  presented  at  the  Providence 
meeting  of  the  A.S.M.E.,  May  5,  1926,  gives  a  resume  of  test 
results  with  different  types  of  air  heaters  as  made  by  N.  E.  Funk, 
operating  engineer  of  the  Philadelphia  Electric  Company. 
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An  extended  description  of  the  seven  boiler  settings  covered 
by  the  tests  is  summarized  in  Table  XX  compiled  to  permit  a 
ready  comparison  of  the  units.  Table  XXI  gives  the  stoker 
characteristics.  The  differences  in  stokers  and  furnace  volume 
will  have  some  effect  on  the  boiler  efficiency,  but  the  general 
designs  are  so  nearly  the  same  that  a  comparison  of  air-preheater 
performance  is  but  slightly  affected. 

Table  XXII  gives  the  physical  characteristics  of  all  the 
preheaters  with  the  exception  of  the  Ljungstrom,  which  cannot  be 
compared  with  the  others  on  the  same  basis. 

In  comparing  the  characteristics  of  these  preheaters  with  each 
other  and  with  a  boiler  without  any  preheater,  the  boiler  numbers 
have  been  placed  on  all  the  curves  to  indicate  to  what  units  they 
particularly  apply.  To  review  the  physical  characteristics  of 
the  units  compared,  the  following  tabulation  gives  the  economizer 
and  the  air-preheater  equipment  of  each  one  of  the    boilers. 


Table  XXI. — Stoker  Characteristics 
(American  Engineering  Company,  Taylor,  Type  H.C.  7) 


Grate 

Num- 

surface, 

ber 

square 

of 

feet 

rams 

Num- 
ber of 
tuydres 


Volume 
above 

asphalt, 
cubic 
feet 


Height 
of  mud 
drum 
from 
floor, 
feet 


Ash  pit  at 
heel  of  fire 


Vidth, 
feet 


Depth, 
feet 


Chester .  . . 

Delaware . 
Richmond 


f    3 

310 

15 

5 

310 

15 

1     ^ 

310 

15 

7 

310 

15 

8 

310 

15 

23 

310 

15 

59 

337 

15 

6,650 
6,650 
6,650 
6,650 
6,650 
7,200 
7,780 


3.8 
3.8 
3.8 
3.8 
3.8 
3.8 


5.3 
5.3 
5.3 
5.3 
5.3 
4.0 
5.3 


Boiler 
Number 


Equipment 


Economizer  and  small  tubular  air  preheater 

Economizer  and  small  plate  preheater,  Connery  type 

Economizer  and  small  plate  preheater,  B.  &  W.  type 

Ljungstrom  air  preheater  only 

Large  tubular  preheater  only 

Economizer  only 

Economizer,  small  tubular  air  preheater  and  water  wall 
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The  performance  of  boiler  and  economizer  units  equipped  with 
air  heaters  is  compared  on  the  basis  of  total  heat  injected  into 
the  furnace,  including  the  heat  in  fuel  and  air  above  atmospheric 
temperature. 

In  Fig.  75  are  two  familiar  curves.  Group  A  indicates  the 
output  of  the  boiler  and  superheater  alone.  Group  B  indicates 
the  output  of  the  entire  unit  including  economizer  and  preheater. 
It  is  to  be  noted  that  the  performance  of  the  boiler  alone  without 
preheated  air  is  poorer  than  that  of  any  of  the  boilers  using  pre- 
heated air  and  that  except  at  fairly  high  rating  there  is  little 
difference  in  the  performances  of  those  using  preheated  air  at  low 
and  those  using  preheated  air  at  high  temperatures.  With  the 
increase  in  rating,  however,  the  boiler  supplied  with  preheated 
air  at  low  temperature  maintains  a  much  higher  output  ratio 
than  do  the  two  supplied  with  preheated  air  at  higher  temperature. 

The  author  has  no  doubt  of  the  accuracy  of  the  tests  of  units  7 
and  8  so  far  as  their  relation  to  the  test  of  unit  3  is  concerned,  but 
is  inclined  to  believe  that,  although  these  were  the  actual  per- 
formances obtained  from  the  boilers,  they  are  not  indicative  of 
what  may  be  expected  with  highly  preheated  air.  His  belief  is 
based  on  two  outstanding  conditions  which  prevent  the  attain- 
ment of  high  efficiency  with  these  units.  First,  at  high  ratings 
the  furnace  refractories  will  not  stand  up  under  the  higher  pre- 
heated-air  temperatures  and  it  is  necessary  to  reduce  the  percent- 
age COo  somewhat  to  preserve  the  furnace  walls.  Second,  with 
the  greater  quantity  of  heat  liberated  in  the  furnace,  the  boiler 
alone  apparently  does  not  absorb  as  much  and  the  temperature  of 
the  exit  gases  rises  rapidly.  This  puts  an  extra  burden  on  the 
air  preheaters. 

The  first  condition  can  be  met  by  water-cooled  furnace  con- 
struction. The  second  condition  can  be  corrected  by  the  installa- 
tion of  increased  boiler  surface  or  a  change  in  boiler  baffling. 
These  two  points  are  emphasized  because  there  might  be  a  tend- 
ency, from  analysis  of  these  curves,  to  assume  that  the  use  of  a 
preheater  without  an  economizer  is,  in  general,  productive  of 
lower  efficiency.  This  is  true  for  the  particular  design  tested, 
but  the  author  feels  that  there  are  errors  in  design  and  that  the 
lower  efficiency  is  not  a  fundamental  characteristic  of  highpre- 
heated-air  temperatures. 

The  B  group  of  curves  substantiate  the  conclusions  drawn  for 
the  A  group.     It  will  be  noted,  however,  that  the  curves  for 
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units  7  and  8  are  much  closer  together  than  those  of  the  A  group, 
which  indicates  that  the  tubular  preheater  is  performing  some- 
what better  than  the  Ljungstrom  preheater. 

Attention  is  called  to  the  fact  that  unit  3  shows  a  still  better 
performance  than  either  7  or  8,  since  the  deviation  of  the  curves 
for  these  units  and  that  for  unit  3  is  greater  in  the  B  group  than 
in  the  A  group.  This,  however,  is  due  largely  to  the  fact  that 
the  economizer  reduces  the  flue-gas  temperatures  so  that  the  air 
temperatures  do  not  rise  so  rapidly  as  they  do  in  7  and  8. 

Figure  75  does  not  give  a  true  comparison  of  the  efficiencies  of 
the  boiler  units  for  a  given  amount  of  fuel  consumption,  but  does 
give  the  performance  of  the  boiler  surface.  For  this  reason, 
curves  have  been  plotted  in  Fig.  76  showing  the  efficiencies  of 
these  units  at  different  rates  of  fuel  consumption.  These  are 
overall  efficiencies  of  boiler,  superheater,  economizer  and  air 
preheater.  There  are  distinct  differences  in  the  shapes  of  these 
efficiency  curves.  Unit  23,  which  has  no  preheater,  shows  a 
rapid  drop  in  efficiency  with  increase  in  rating.  Unit  3,  which 
is  practically  the  same  as  23,  except  that  an  air  preheater  has  been 
supplied,  shows  an  unusually  flat  efficiency  curve. 

The  efficiencies  of  units  7  and  8  which  have  the  large  air  pre- 
heaters  are  distinctly  lower  than  the  efficiency  of  3,  although  they 
are  somewhat  flatter  than  and  at  heavy  loads  higher  than  23.  Unit 
8  shows  a  rapid  dropping  off  in  efficiency,  not  due  to  the  charac- 
teristics of  highly  preheated  air,  but  to  the  fact  that  the  boiler 
furnace  is  not  properly  designed  to  care  for  the  high  temperatures. 
The  rapid  downward  bend  in  the  efficiency  curve  of  unit  8  is 
accompanied  by  severe  burning  of  the  extension  grates  of  the 
stoker.  This  is  apparently  caused  by  the  reflected  heat  from  the 
bridge  wall,  and  if  the  performance  of  a  stoker  with  a  similar  ash- 
discharge  end  can  be  used  for  comparison^  the  installation  of  a 
water-cooled  wall  at  this  point  would  raise  by  3  or  4  per  cent  the 
lower  end  of  the  curve  for  unit  8. 

In  Fig.  77  comparative  data  are  given  on  the  boiler,  economizer 
and  preheater  outlet-gas  temperature.  Attention  is  called  to 
the  fact  that  both  units  7  and  8  with  the  highly  preheated  air 
have  higher  outlet  temperatures  than  unit  23  with  cold  air. 
Unit  3,  however,  with  a  preheated-air  temperature  of  300°F.,  has 
an  outlet-gas  temperature  considerably  lower  than  that  of  unit 
23,  and  unit  59  with  the  water-cooled  walls  has  a  lower  tempera- 
ture than  any  of  the  others.     The  economizer  outlet  temperatures 
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are  approximately  the  same  for  all  units  having  economizers, 
that  of  unit  3  being  somewhat  lower  than  that  of  59.  The 
increased  temperature  of  economizer  outlet  gas  in  unit  59  is 
primarily  due  to  the  fact  that  the  feed- water  temperature  is  63° 
higher  than  that  of  unit  3. 

The  air  preheaters  on  3  and  59  are  identical,  and  the  exit  gases 
from  these  two  preheaters  are  at  practically  the  same  temperature. 
The  air  preheaters  on  7  and  8,  however,  have  considerably  higher 
exit-gas  temperatures,  due  apparently  to  the  higher  exit  tem- 
peratures of  gas  from  the  boilers.  This  condition  is  more  clearly 
shown  in  Fig.  78  in  which  the  temperature  drop  in  the  flue  gas 
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Fig.    80. — Steam,    condensate   and   feed-water  system   in   Avon   station   of   the 
Cleveland  Electric  Illuminating  Company. 

and  the  temperature  rise  in  the  air  supplied  to  the  stoker  have 
been  plotted  against  percentage  of  boiler  rating.  In  this  figure, 
as  in  Fig.  77,  it  will  be  noted  that  the  air  preheaters  of  units  3  and 
59  are  almost  parallel  in  performance,  59  showing  a  somewhat 
better  heat  transfer  than  3.  These  preheaters  were  tested  under 
practically  the  same  condition  of  cleanliness.  Preheaters  of 
units  7  and  8  reduce  the  gas  temperature  and  increase  the  air 
temperature  through  a  range  from  50  to  80  per  cent  greater  than 
the  smaller  air  preheaters.  This  is  to  be  expected  on  account  of 
the  larger  area  of  heating  surface. 

Computation  of  Heat  Balance. — The  computation  of  the  heat 
balance  of  any  station  requires  a  study  of  thermal  performance 
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at  every  stage  from  coal  pile  to  switchboard  with  different  assem- 
bhes  of  apparatus  and  in  addition  a  balance  of  thermal  gains 
against  costs.  The  object  of  such  a  study  is  to  produce  a  kilowatt- 
hour  at  the  switchboard  at  a  minimum  station  cost  with  reliability, 
station  operating  conditions  and  ease  of  operation  predominate 
elements. 
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Fig.    81. — Auxiliary   electrical   supply   for   the   Avon   station   of   the   Cleveland 
Electric  Illuminating  Company. 


Needless  to  say,  such  a  computation  is  laborious  and  long  and 
requires  definite  data  to  be  accurate.  But  if  a  station  is  to  be 
used  many  years  and  is  to  cost  millions  of  dollars  it  is  good  busi- 
ness as  well  as  good  engineering  to  make  a  complete  economic 
heat-balance  analysis.  Two  representative  and  typical  analyses 
will  be  found  in  the  1925  Report  of  the  Prime  Movers  Committee 
of  the  National  Electric  Lighting  Association.  One  is  by  Linn 
Helander  and  the  other  by  F.  H.  Rosencrants. 


CHAPTER  VII 
BOILER-ROOM  EQUIPMENT  AND  LAYOUT 

The  boiler  room  of  a  power  station  should  be  designed  to 
operate  continuously  at  high  efficiency  in  order  to  produce  a 
maximum  amount  of  steam  from  a  minimum  amount  of  fuel.  In 
this  part  of  the  station  there  occurs  the  greatest  variation  in 
possible  economic  operating  conditions  and  one  of  the  least 
efficient  energy  transfer  processes,  so  that  extreme  care  in  design 
is  warranted.  Also  the  boiler  room  has  inherent  complexities  in 
control  and  equipment  assembly  which  make  it  advisable  to  plan 
the  installation  so  that  it  will  be  automatic  in  operation,  easy  to 
maintain  and  pleasant  for  workmen. 

A  base-load  station  which  operates  at  or  near  full  load  con- 
tinuously j  ustifies  a  higher  investment  in  equipment  to  secure  maxi- 
mum thermal  efficiency  and  maximum  automatic  operation 
than  a  station  which  operates  at  a  low-load  factor  or  as  a  standby 
station  for  hydro  plants.  An  analysis  must  be  made  for  a 
specific  station  to  determine  the  balance  point  between  invest- 
ment to  secure  high  thermal  efficiency  and  exact  operation  and 
the  cost  of  fuel  used.  Load  factor  and  local  operating  conditions 
are  the  important  elements  in  arriving  at  a  decision. 

A  well-designed  boiler  room  should  be  clean,  safe,  well  venti- 
lated and  well  lighted,  it  should  have  ample  clearances  for  the 
movement  of  operators  and  the  repair  and  replacement  of  equip- 
ment and  the  auxiliaries  should  be  selected  to  give  reliable  opera- 
tion under  all  conditions  of  operation.  The  fuel  should  be 
handled  economically  and  quickly  and  the  piping  should  be 
designed  to  secure  the  shortest  possible  paths  for  steam  and  water 
consistent  with  flexibility  and  safety.  Valves  should  be  chosen 
carefully  for  each  service  and  a  minimum  number  should  be  u§ed. 
Automatic  and  remote  controls  for  valves  and  major  auxiliaries 
is  favored,  so  that  operators  under  normal  and  emergency  condi- 
tions can  operate  the  station  with  a  minimum  of  movement  and 
a  maximum  of  safety.  Fuel  storage  inside  the  station  should  be 
a  minimum  consistent  with  reserve  requirements  and  the  fuel 
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should  be  handled  quickly  in  enclosed  containers  to  eliminate  dirt, 
gases  or  the  possibility  of  explosions. 

The  larger  power  stations  utihze  the  unit  boiler  principle 
in  the  boiler  plant  installation.  One,  two  or  three  boilers  are 
used  with  each  prime  mover  and  the  auxiliaries  are  installed  and 
operated  as  a  part  of  the  boiler-turbo-generator  unit  plan. 
Reserve  connections  to  other  boilers,  reserve  auxiliaries  and  other 
second  or  third  lines  of  defense  to  give  service  to  the  unit  plant 
in  emergencies  may  or  may  not  be  warranted  in  a  given  station. 
Boilers  are  being  built  in  very  large  sizes  and  the  trend  is  toward 
a  one-boiler-per-turbine  type  of  installation.  Also  there  is  a 
tendency  to  combine  in  one  unit  and  in  one  location  the  boiler- 
turbine  generating  unit  since  this  eliminates  piping,  fire  walls  and 
building  volume.  The  whole  art  of  the  boiler  room  is  in  a  state 
of  flux  and  the  future  boiler  plant  is  difficult  to  predict. 

The  combustion  chamber  is  the  most  rapidly  changing  part  of 
boiler  plant  design.  With  the  increase  in  size  of  boilers  there  was 
a  corresponding  increase  in  the  furnace  volume  and  a  consequent 
difficulty  in  the  control  of  furnace  temperature,  fuel  feed  and  in 
the  use  of  refractories.  The  advent  of  pulverized  fuel  was  followed 
by  difficulties  in  the  use  in  the  older  type  of  furnace  and  stimu- 
lated developments  in  the  furnace.  Air-cooled  side  walls  and 
water  screens  were  next  used  in  furnaces  and  then  came  still 
more  radical  innovations  equivalent  to  burning  fuel  in  a  furnace 
entirely  surrounded  by  steaming  surface  which  might  or  might 
not  be  protected  by  refractories.  Recent  improvements  in 
stokers  have  brought  about  greater  possibilities  for  their  use 
under  boilers  of  large  rating  and  the  use  of  highly  turbulent  com- 
bustion of  pulverized  fuel  in  some  installations  affords  very 
promising  results.  Thus  the  tendency  today  is  toward  a  very 
high  rate  of  combustion  in  a  smaller  furnace  volume,  the  elimina- 
tion of  refractories  and  arches  of  the  older  type  installations,  the 
use  of  heated  combustion  air  from  flue-gas  air  heaters  and  the 
better  design  of  boilers  to  get  a  better  distribution  of  steaming 
surface  and  a  better  utilization  of  the  heat  in  the  furnace. 

Boiler-room  Layouts. — Many  arrangements  of  boiler  rooms 
can  be  used.  Figure  82  shows  a  type  of  boiler-room  layout 
which  involves  the  use  of  multiple  firing  aisles.  Normally, 
each  group  of  two  boilers  supplies  a  prime  mover,  but  a  common 
header  is  available  for  transfer  use  if  occasion  demands.  A 
common    firing-aisle   type  of  plant  using  a  compound  turbine 
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with  three  boilers  per  unit  and  per  stack  is  shown  in  Fig.  82. 
The  use  of  one  firing  aisle  requires  a  minimum  number  of  coal 
weighing  larries.  The  coal-feeding,  storage  and  handling  system 
can  be  made  simple  and  the  piping  layout  is  less  comphcated. 
But  the  station  location,  the  type  of  fuel  used,  the  fuel-burning 
system  installed,  the  size  of  units,  draft  and  flue  designs  and 
requirements,  lighting  requirements  and  other  elements  are  so 
variable  that  no  one  layout  may  be  accepted  as  best  for  all 
stations.  Several  modern  station  boiler-plant  layouts  are  shown 
to  illustrate  the  variety  of  arrangements  in  use. 
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Fig.  83. — Cross-section  of  the  turbine  room  and  switch  house  of  the  600,000-kw. 
Richmond  station  of  the  Philadelphia  Electric  Company. 

It  has  been  customary  to  interpose  a  fire  wall  between  the  boiler 
room  and  the  turbine  .room  but  recent  tendencies  in  design  raise 
the  question  as  to  whether  it  would  not  be  better  to  separate 
different  boiler-turbo-generator  units  in  a  station  by  a  fire  wall 
rather  than  attempt  to  separate  the  boilers  from  the  prime 
movers.  Stations  with  large  units  which  operate  as  independent 
power  stations  under  one  roof  under  normal  conditions  would  be 
safer  with  a  better  separation  of  complete  units.  Under  any 
condition  of  failure  or  accident  to  either  boiler,  turbine  or  genera- 
tor a  station  unit  is  out  of  service  and  a  fire-wall  separation 
between  the  faulty  unit  and  adjacent  units  would  limit  damage  in 
the  event  of  a  bad  mechanical  failure,  a  fire,  or  the  escape  of  steam. 
In  addition,  the  tendency  to  bring  the  boiler  and  prime  mover 
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closer  to  each  other  introduces  another  influence  which  presages 
the  ultimate  elimination  or  modification  of  the  fire  walls  now 
used. 

The  fuel  to  be  burned  in  a  station,  the  rating  of  a  station  and 
the  station  load  factor  are  decisive  elements  in  the  selection  of 
the  boiler  units,  the  boiler-room  auxiliaries  and  the  method  of 
fuel  burning.  Coals  vary  widely  in  their  B.t.u.  content  and  in 
their  characteristics  when  burned  under  boilers  and  the  use  of 
stokers  or  pulverized-fuel-burning  equipments  is  determined  by 
this  fact  and  relative  costs  rather  than  by  any  superiority  in 
efficiency  to  be  obtained  by  one  or  the  other  when  burned  properly. 
A  study  should  be  made  of  available  fuels,  their  characteristics 
for  burning  under  boilers  with  different  equipments  available,  and 
of  costs  involved  in  installation  and  operation.  This  will 
determine  largely  the  choice  of  a  certain  type  of  stoker  or 
pulverized-fuel-burning  installation.  A  coal  preparation  house 
or  department  is  a  necessary  part  of  the  bin  system  of 
pulverized-fuel  installation  and  this  item  is  an  influential 
element  in  relative  investment  costs. 

Boilers  should  be  large  and  adapted  to  the  operations  of  the 
station.  Fully  insulated  boilers  should  be  used  and  they  should 
be  installed  to  get  a  minimum  cost  for  maintenance,  especially  in 
the  furnaces.  The  furnace  temperature  is  a  limiting  factor  in 
the  use  of  refractories  and  the  steam  temperature  should  be  held 
to  close  limits  by  a  properly  designed  and  installed  superheater. 
Practice  calls  for  the  operation  of  furnaces  and  of  steam  at  a 
temperature  very  near  the  upper  limit  allowable  to  avoid  mechan- 
ical failure  of  the  materials  used  in  a  boiler  and  furnace.  Thus 
accurate  design  and  sensitive  control  under  operating  conditions 
are  essential  elements  to  consider. 

Draft  systems  are  usually  both  forced  and  induced  in  order  to 
secure  the  high  combustion  rates  desirable  in  the  large  boiler 
installations.  Feed-water  treatment  is  also  desirable  in  the 
expensive  large  stations  if  there  is  any  chance  that  impure 
feed  water  may  keep  a  unit  out  of  service  and  thus  prevent  any 
earnings  being  made  on  a  large  investment. 

Automatic  combustion  control  is  a  recent  innovation  in  large 
stations  and  several  successful  systems  have  been  developed. 
In  principle,  they  are  best  based  on  a  change  in  steam  pressure 
causing  a  response  in  steam  generation  which  is  quick  and  which 
operates  without  causing  hunting  or  oscillations.     High  efficiency 
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must  be  obtained  at  all  loads  and  any  part  of  the  automatic 
equipment  should  be  readily  repaired  or  thrown  to  hand  control 
if  necessary. 

Coal  supply  must  be  regulated  to  meet  the  steam  demands, 
the  volume  of  air  must  be  regulated  to  burn  the  coal  with  a  certain 
predetermined  value  of  CO2,  the  speed  of  the  fans  must  change 
to  give  the  proper  air  pressures  and,  when  pulverized  fuel  is  used, 
individual  coal-feeder  motors  must  be  regulated.  Thus  auto- 
matic controls  involve  a  number  of  operations  and  must  be  very 
reliable.  The  fact  that  several  manufacturers  have  successful 
installations  shows  that  the  problem  has  been  solved  and  exper- 
ience   has    proved    that    higher    day-to-day  efficiency  can   be 
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Fig.  85. — Test  efficiency  of  30,600-sq.  ft.  boiler  at  the  Lake  Shore  station  of 
the    Cleveland    Electric    Illuminating    Company.      A.    Boiler,    superheater    and 
economizer.     B.  Boiler  and  superheater. 

obtained  with  automatic  operation  of  boiler  plants  than  when 
hand  control  is  used. 

The  centralization  of  control  in  a  boiler-control  room  is  sought 
usually  but  provision  should  be  made  for  control  at  each  boiler  if 
necessary. 

Boiler  Types  and  Ratings. — The  pressures,  temperatures, 
steaming  conditions  and  designs  used  in  modern  boiler  plants 
differ  very  widely,  and  even  boiler  ratings  have  come  to  mean  but 
little.  To  compare  boiler  performance  it  is  necessary  to  reduce 
conditions  to  an  equivalent  basis,  which  is  usually  referred  to  as 
equivalent  evaporation  from  a  feed-water  temperature  of  212° 
into  dry  saturated  steam  at  the  same  temperature.  As  usually 
given,  a  boiler  rating  on  this  basis  in  terms  of  pounds  of  steam 
per  hour  is: 

H—  qX  pounds  of  water  fed  per  hour 
'  97177 


Equivalent  evaporation 
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Boiler  ratings  are,  however,  given  in  terms  of:  (1)  the  pounds 
of  steam  produced  per  hour,  (2)  the  number  of  boiler  horsepower 
based  on  the  evaporation  of  34.5  lb.  of  water  per  hour  and  at 
212°F.  and  (3)  the  square  feet  of  heating  surface.     On  a  unit  basis 


Fig.  85. — Cross-section  of  boiler  installation  in  Richmond  station  of  the  Phila- 
delphia Electric  Company. 

the  efficiency  of  a  boiler  is  measured  by  the  number  of  pounds  of 
water  evaporated  per  pound  of  combustible  based  on  212°F.;  the 
rapidity  of  steam  production  is  given  in  terms  of  the  equivalent 
evaporation  per  square  foot  of  heating  surface;  and  the  rate  of 
fuel  consumption  is  measured  by  the  number  of  pounds  of  coal 
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burned  per  square  foot  of  grate  surface  per  hour  or  by  the  coal 
burned  per  cubic  foot  of  combustion  chamber  volume  per  hour. 
Many  of  the  ratings  used  are  somewhat  objectionable  from 
the  standpoint  of  comparing  boiler  performances,  particularly 
the  boiler  horsepower  rating  and  the  square  foot  of  heating  sur- 
face rating.  It  is  generally  best  to  use  steaming  ratings  based  on 
total  equivalent  evaporation  per  hour.  The  use  of  economizers, 
air   heaters,    superheaters    and    other    accessory    apparatus    as 


Fig.  86. — Cross-section  of  the  boiler  room  of  the  Richmond  station  of  the 
Philadelphia  Electric  Company  showing  general  arrangements.  600,000-kw. 
rating. 

integral  parts  of  the  boiler  make  it  necessary  to  be  very  specific 
in  comparing  boiler  ratings  and  the  great  variation  in  furnace 
sizes,  types  of  fuel  used  and  combustion  methods  make  it  very 
difficult  to  compare  the  performances  of  boilers  in  different 
stations. 

From  an  operating  standpoint,  boilers  should  be  compared  on 
the  basis  of  B.t.u.  per  kilowatt-hour,  their  steaming  rate  per  hour, 
their  speed  in  picking  up  load  and  their  ability  to  carry  overload. 
The  relative  merits  of  the  different  types  of  boilers  and  details,  of 
their  design  are  recorded  in  handbooks.  Personal  opinions  of 
engineers,  costs,  operating  conditions  as  to  temperature  and 
pressures,  type  of  plant,  size  of  plant  and  fuels  used  are  very 


BOILER-ROOM  EQUIPMENT  AND  LAYOUT 


151 


influential  elements  in  determining  the  type  of  boiler  to  select. 
Nearly  every  type  is  used  with  the  horizontal-return-tube  and 
vertical  Stirling  types  predominating  in  the  large  stations. 

The  distribution  of  heating  surface,  the  baffling,  the  furnace 
design,  the  location  of  economizers  and  superheaters  and  the  type 
of  other  equipment  used  are  determined  by  patent  considerations, 


HOU  S  ATO  N  I  C- 


FiG.  87. — Cross-section  of  station  and  property  plan  for  the  Devon  station  of 
the  Connecticut  Light  and  Power  Company.     200,000-kw.  ultimate  rating. 

by  empirical  rules,  by  operating  experiences  or  by  economic  fac- 
tors determined  very  largely  by  conditions  peculiar  to  each  instal- 
lation. The  theory  of  combustion,  heat  transfer,  water  and 
steam  mixture,  gas  flow  and  other  variables  in  boiler  design  have 
not  been  ascertained  accurately  enough  to  apply  without  assump- 
tions or  modifications  to  boiler  plant  design  on  a  strictly  quanti- 
tative basis. 
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There  is  no  definite  limit  to  the  capacity  of  a  boiler  to  absorb 
heat  except  the  capacity  of  the  combustion  chamber  to  burn  fuel 
and  the  economic  limitations  involved  in  operating  the  station 
at  low  efficiency.  The  efficiency  of  a  boiler  is  comparatively  flat 
over  a  wide  range  but  reduces  to  zero  at  no  load  and  drops  rapidly 
when  the  boiler  is  forced  beyond  a  specified  maximum  rating. 
The  permissible  variation  in  draft,  the  degree  of  water  circulation 
and  the  rate  of  fuel  feeding  are  practical  limitations  in  forcing 
boilers. 

To  show  the  differences  in  practice,  Tables  XXIII  and  XXIV 
are  presented  covering  boilers  of  about  the  same  size  operating 
under  different  conditions. 


Table   XXIV. — Characteristics   of   Modern   Boiler   Plants 


Type  of  boiler 


Calumet, 
B.  &  W. 


Seward, 

n.  &  w. 


Hell  Gate, 
Spring- 
field 


Meadow, 

Bigelow 

Hornsby 


Diameter  and  length  of  tube .  . 

Heating  surface,  square  feet. .  . 

Steam  pressure 

Steam  temperature 

Superheater     surface,     square 

feet 

Type  stoker 

Grate  area,  square  feet 

Furnace  volume,  cubic  feet. .  .  . 
Economizer     surface,     square 

feet 


4  in.  by  20 
ft. 
15,089 
350 
685 

4,000 

Coxe 

376 

6,700 

0 ,  600 


15,964 
280 
596 

5,000 

Taylor 

265 

5,194 

None 


4  in.  by  20 
ft. 
18,900 
250 
606 

2,135 

Taylor 

472 

8,000 

None 


13,920 
275 
640 

6,250 

Riley 

286 

6,. 370 

2,750 


15,081 
265 
630 

1,790 

Taylor 

322 

7,200 

3,0. '50 


In  Table  XXV  is  given  some  information  on  different  classes  of 
boilers  prepared  in  response  to  an  invitation  for  bids  by  the  city 
of  Detroit. 

Accompanying  illustrations  show  typical  boiler  sections  in 
modern  stations. 

Economizers. — Economizers  became  of  increasing  advantage 
as  the  cost  of  fuel  increased  and  most  stations  installed  them  until 
the  advent  recently  of  the  air  heater.  For  many  years  only 
cast-iron  tubes  were  used  in  economizers  because  of  the  corrosion 
occurring  in  the  steel-tube  type,  but  with  the  use  of  higher 
pressures  and  temperatures,  distilled  boiler  feed  water  and  the 
deaeration  of  feed  water,  steel-tube  or  a  steel-tube  with  cast-iron- 
covering  type  of  economizers  have  been  used. 
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The  economizer  may  or  may  not  be  integral  with  the  boiler. 
In  the  integral  type  it  has  been  found  difficult  to  keep  joints  tight 
and  to  clean  the  tubes  conveniently  while  the  external  type  of 
economizer  installation  is  expensive  and  air  leakage  may  occur 
more  readily.  In  the  very  high-pressure  installations  the 
economizer  may  operate  at  a  lower  pressure  than  the  boiler. 

The  selection  of  economizers  requires  a  study  and  analysis 
involving  the  temperature  at  which  the  feed  water  should  leave 


a  □ 


%mHff    ' 


Fig.  88. — Relative  position  of  equipment  in  the  Cahokia  station  of  Union 
Electric  Light  and  Power  Company.  Foundation  expense  was  a  ruling  factor 
in  its  design. 

the  bleeder  heaters  and  enter  the  economizers,  the  most  advanta- 
geous divisions  of  heating  surface  between  the  boiler  and  the 
economizer  and  relative  merits  and  costs  of  other  methods  of 
feed  heating,  such  as  air  heaters  or  extraction  steam  heaters. 

The  turbine  units  operate  with  greatest  economy  when  feed 
heating  is  done  with  extracted  steam  but  the  boiler  operates  at 
greatest  efficiency  when  feed  heating  is  done  in  an  economizer, 
air  heater  or  both.  The  best  overall  condition  of  station  effi- 
ciency will  therefore  be  obtained  by  a  compromise.     As  a  rule, 
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feed  heating  will  be  done  with  extracted  steam  to  secure  a  tem- 
perature of  at  least  220°,  as  this  temperature  prohibits  any 
corrosion  in  the  economizers,  requires  no  superheat  in  the  exhaust 
steam  and  permits  adequate  deaeration  of  the  feed  water.  Then 
a  study  should  be  made  to  determine  whether  the  air  heater  or 
economizer  should  be  used. 

The  use  of  a  counterflow  economizer  surface  increases  boiler 
and  economizer  efficiencies  but  costs  vary  in  a  way  to  force  a 


Fig.  89. — Cross-section  of  the  Edgar  station  of  the  Edison  Electric  Illuminating; 
Company  of  Boston. 


compromise  and  the  arrangement  of  boiler  surface  also  has  a 
practical  bearing  on  the  solution  of  the  problem.  With  the 
increased  use  of  air  heaters  and  extraction  steam-feed  heaters 
it  is  probable  that  economizers  will  be  restricted  still  more  as  to 
heating  surface  or  entirely  eliminated.  The  data  given  in  Table 
XXVI  are  the  results  of  tests  on  a  boiler,  stoker  and  economizer 
installation  at  the  Essex  Station  of  the  Public  Service  Electric 
and  Gas  Company. 

The  boiler  was  a  Babcock  &  Wilcox  cross-drum  type,  forty- 
four  tubes  wide,  fourteen  tubes  high,  having  a  60-in.  diameter 
drum  and  containing  12,781  sq.  ft.  of  heating  surface,  having  a 
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Table  XXVI. — Data  prom  Test  on  Boiler  Stoker  and  Economizer^ 


Test  Nos. 


Water  per  hour 

Dry  coal  per  hour 

B.t.u.  per  pound  dry  coal 

Boiler  output,  per  cent  rating . . . 
Economizer: 

Temperature  of  gases  entering, 

degrees 

Temperature  of  gases  leaving, 

degrees 

Temperature  of  water  enter- 
ing degrees 

Temperature   of   water   leav- 
ing, degrees 

Temperature  drop  in  gases — 
Temperature  rise  in  water .... 

Per  cent  CO2 

Per  cent  CO 

Per  cent  O2 

Pounds    economizer    gas    per 

hour 

Calculated    average    gas    per 

hour 

Draft  loss  through  economizer, 

inches  of  water 

Coefficient  of  heat  transfer. . .  . 


56,635 
6,040 

13,221 
151.2 


446 
240 
102.3 

1S1.9 

206 

79.6 

9.2 

0.2 

9.3 

123,300 

860 

0.08 
2.9 


69,243 
7,589 

13,339 
183.9 


429 
282 
107 

194.7 

147 

87.7 

9.4 

0.0 

9.3 

154,000 

1,075 

0.33 
3.82 


78,446 
8,428 

13,541 
209.4 


424 

291 

108.9 

196.7 
133 
87.8 
7 

0.0 
10.9 

206,500 

1,445 

0.57 
4.32 


100,154 

11,246 

13,976 

269.1 


452 
323 
109.4 

206.6 

129 

97.2 

7.6 

0.0 

8.3 

295,000 

2,135 

1.12 
5 


106,174 
12,466 
J4,036 

283.7 


446 
326 
110.8 

215.8 

120 

105.0 

7.2 

0.0 

11.0 

345,000 

2,500 

1.29 
6.17 


Prime  Movers  Committee,  N.E.L.A.,  1923. 

Square  Feet 

Boiler,  heating  surface 12 ,  781 

Economizer,  heating  surface 7 ,  750 

Superheater,  heating  surface 3, 160 

Free  area  through  economizer 49 


Taylor  underfeed  stoker  with  fifteen  retorts,  designed  to  develop 
350  per  cent  of  normal  boiler  rating  for  2  hr. 

The  boiler  had  a  B.  &  W.  superheater  of  3,160-sq.  ft.  heating 
surface  and  a  Sturtevant  Economizer  of  7,750  sq.  ft.  of  surface. 

The  weight  of  gases  through  the  economizer  was  estimated  and 
the  velocity  tabulated  is  the  mean  of  the  calculated  entering  and 
leaving  velocities.  The  heat  absorbed  was  obtained  from  the 
weight  of  feed  water  and  its  temperature  rise. 
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Fig.  90. — Features  of  the  boiler  and  furnace  construction  in  the  Cahokia  station 

of  the  Union  Electric  Light  and  Power  Company. 

The  boilers  are  of  the  cross-drum  B.  &  W.  type  and  have  18,010  sq.  ft.  of  heating  surface 

While  four  boilers  serve  each  turbine,  three  of  them  will  carry  the  load  at  230  per  cent 
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I  Preporo+ion  BWg. 


Fig.  91. — Cross-section  of  the  Trenton  Channel  station  of  the  Detroit  Edison 
Company.  Below;  the  pulverized  coal  preparation  building,  the  car-unloading 
house  and  the  screen  house  are  to  the  right  of  the  boiler  house  shown  above  and 
about  35  ft.  distant. 


rating.  They  are  thirty-eight  tubes  wide  by  twenty  tubes  high,  the  tubes  being  arranged 
in  two  decks  with  an  interdeck  superheater  above  the  lower  six  rows,  which  are  exposed 
their  full  length  to  radiant  energy.  The  two  lower  rows  of  tubes  are  double-spaced  and 
not  staggered,  to  avoid  increasing  the  velocity  of  impinging  gases  carrying  molten  ash  which 
might  adhere  to  them.  This  arrangement  cools  the  ash  below  the  slagging  temperature 
before  it  strikes  the  remaining  tubes.  No  economizers  are  used  because  the  coal  costs  only 
S2.50  per  ton.  The  feed  water  is  heated  largely  by  bleeding  of  main  turbines.  Steam 
conditions  are  300  lb.  pressure  and  690°F.  temperature  at  the  throttle.  Motor-operated 
valves  are  used  at  the  header  ends  of  the  boiler  leads  and  in  the  cross-over  connection 
between  headers.  These  permit  closing  the  valves  at  some  remote  point  in  case  escaping 
steam  makes  it  hazardous  for  an  operator  to  do  it  by  hand,  and  also  because  the  valves  are 
so  large  and  unwieldy  that  it  would  be  an  arduous  task  to  operate  them  by  hand. 
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stacks  extend  350  ft. 
above  gratBs 


Fig.  92. —  Cross-section  of  the  boiler  room  of  the  Hudson  Avenue  station  of  the 
Brooklyn  Edison  Company. 

Eight  boilers  are  installed  for  the  first  group,  each  having  19,650  sq.  ft.  of  heating  surface, 
2,508  sq.  ft.  of  superheater  surface  and  a  combustion  volume  of  about  7,500  cu.  ft.  The 
boilers  are  forty-two  sections  wide  and  twenty  high  in  double-deck  construction,  with  the 
superheater  installed  above  the  first  deck  of  six  tubes.  They  are  fired  with  underfeed 
stokers  and  the  settings  have  a  weight  of  21  ft.  10  in.  from  the  floor  line  to  the  bottom  of 
the  uptake  header.     The  inside  width  of  masonry  at  stoker  level  is  about  24  ft.  8  in. 

The  superheater  is  a  single-loop  type  using  2-in.  tubes  and  will  give  about  180°  super- 
heat at  100  per  cent  rating  and  200°  at  200  per  cent  rating  with  a  pressure  of  290  to  295  lb. 
in  the  drum. 
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The  coefficient  of  heat  transfer  was  computed  from  the  formula : 
2WR 

S{t2  +  h-   to   -   t)' 

U  =  coefficient  of  heat  transfer. 
*S  =  square  feet  of  heating  surface. 
W  =  weight  of  feed  water,  in  pounds  per  hour. 


Air  volumt  ngulafor 


Fan  pressure  regulator 


Fig.  93. — Diagram  of  a  master  controller  and  regulators  for  combustion 
control  of  one  boiler  in  the  Hudson  Avenue  station  of  the  Brooklyn  Edison 
Company. 

The  pquipment  consists  of  two  types  of  controllers:  First,  individual  regulators  for  the 
dampers  and  the  rheostats  of  the  stoker  and  blower  generators;  second,  a  master  controller 
to  correlate  the  individual  regulators.     There  are  two  masters,  one  being  a  spare. 

The  master  controllers  receive  their  activating  impulse  from  the  boiler  steam  pressure 
acting  on  a  diaphragm,  which  is  balanced  against  a  coil  spring.  A  slight  variation  in  the 
boiler  pressure  changes  the  position  of  the  diaphragm  and  tlirough  a  lever  moves  a  small 
leak-off  valve.  The  chamber  on  which  this  valve  is  fitted  is  connected  by  pipes  to  each 
of  the  individual  damper  and  rheostat  regulators.  If  steam  pressure  drops,  there  is  an 
increase  in  air  pressure  in  the  master  controller  and  a  proportional  increase  is  transmitted 
to  the  individual  regulators. 

R  =  rise  in  temperature  of  feed  water,  degrees  Fahrenheit. 
t  =  final  temperature  of  feed  water. 
to  =  initial  temperature  of  feed  water. 
^1  =  final  temperature  of  flue  gas. 
^2  =  initial  temperature  of  flue  gas. 
Superheaters. — Superheaters   are   generally  used   in  modern 
stations  and  the  chief  item  in  their  selection  and  use  is  to  secure 
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and  maintain  a  constant  superheat  under  variable  boiler  ratings. 
In  general,  the  use  of  a  large  ratio  of  combustion  volume  to  heat- 
ing surface  gives  better  control  of  superheat,  but  the  location  of 
the  superheater  in  the  boiler  and  the  type  of  baffling  used  have  a 
marked  effect  on  superheater  performance.  The  superheater 
should  be  equipped  with  safety  valves  and  should  be  of  the  best 
construction  and  materials  to  withstand  the  severe  operating 
conditions  it  encounters.  Two-stage  superheating  and  two 
superheaters  in  series  have  been  used  in  boilers  having  small 


Fig.  94.— a  fi 


(Quarry  Stivet  station  (jf 
Company. 


1th  Edison 


combustion  chambers — one  counterflow  and  one  direct  flow  with 
respect  to  the  hot  gases.  The  radiant  type  of  superheater  is 
used  in  some  installations  and  absorbs  heat  by  direct  radiation 
from  the  flames.  With  the  use  of  high  pressures  and  tempera- 
tures and  high  boiler  ratings  superheat  control  becomes  increas- 
ingly difficult  and  increasingly  important  and  the  boiler,  the  fuel, 
the  baffling  and  the  feed-water  regulation  are  important  elements 
in  obtaining  satisfactory  performance. 

The  pressure  drop  through  the  superheater  varies  with  the 
rating  and  type  of  installation.  For  a  Stirling  boiler  of  23,540- 
sq.  ft.  heating  surface  having  a  B.  &  W.  Twin  U-tube  superheater, 
test  data  show  a  drop  varying  from  3.5  lb.  per  square  inch  at  100 
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per  cent  rating  to  13  lb.  per  square  inch  at  220  per  cent  of  rating. 
Test  data  on  another  installation  are  given  in  Table  XVII. 

Table  XXVII. — Superheat  Tests  on  a  B.  &  W.  Boileri 


Test  numbers 


Duration,  hours 

Per  cent  rating 

Draft:" 

{A  minus) 

{B  plus) 

Flue  CO2 

Gas02 

Analysis  CO 

Stack  temperature 

Boiler  pressure 

Degrees  superheat 

Room  temperature 

Feed  water  temperature . 


1 

142 

0.32 
0.01 
14.0 
4.65 
0.95 

477.5 

288 

208.2 
74 

100 


1 
168 

0.39 
0.06 
13.55 
5.65 
0.5 

490 

284 

211.3 
75 

100 


4 
101 

0.15 
0.06 
14.1 
4.9 
0.43 
456.5 
288.8 
190.2 
73 
100 


4 

187 

0.43 
0.05 
13.3 


0. 
504. 
295 
216. 
61 
100 


Prime  Movers  Committee,  N.E.L.A.,  192 
I  A  =  Draft  top  third  pass. 
B  =  Draft  in  furnace. 
Coxe  stokers,  buckwheat  and  anthracite. 


Stokers. — Mechanical  stokers  predominate  in  stations  using 
coal,  although  many  pulverized-fuel  installations  are  used.  The 
stoker  has  proved  superior  to  hand  firing  and  has  been  developed 
into  three  general  classes: 

1.  Traveling-grate  stokers  carry  the  fuel  fed  from  the  front  of 
the  boiler  slowly  toward  the  bridge  wall.  They  are  adapted  for 
burning  low-grade  fuels,  such  as  coke  breeze,  anthracite  fines  and 
western  coals.  The  fuel  bed,  as  it  passes  different  points,  receives 
an  appropriate  volume  of  air  at  different  pressures. 

2.  Underfeed  stokers  force  the  fuel  upward  toward  the  combus- 
tion area  by  means  of  screws  or  plungers.  The  fuel  is  commonly 
suppHed  along  the  center  of  the  length  of  the  grate  and  falls  to 
the  sides  as  it  arrives  at  the  surface  of  the  fuel  bed,  forming  a 
mound  thick  at  the  center  and  thin  at  the  sides.  Air  inlets  are 
supplied  to  give  required  amounts  of  air  at  the  different  locations. 
This  type  of  stoker  burns  good  grades  of  bituminous  fuels  veiy 
successfully. 
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3.  Inclined  overfeed  stokers  have  sloping  grates  with  the  high 
portion  near  the  front  of  the  boiler  where  the  coal  is  fed.  Mov- 
able-grate bars  feed  the  fuel  along  the  grate  surface  and  air  is 
admitted  between  the  grate  bars  or  between  them  from  a  wind 
chamber  located  beneath  the  bars.  These  stokers  burn  a  wide 
variety  of  fuels  successfully. 

The  relative  merits  of  the  different  types  of  stokers  depend 
on  the  fuels  used,  the  service  demands  and  the  design  and  type  of 
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Fig.  95. — A  firing  aisle  in  the  Northwest  station  of  the  Commonwealth  Edison 
Company. 


boiler  and  furnace.  All  give  very  satisfactory  results  in  their 
proper  fields  of  application.  The  rate  of  feed,  the  air  supply  and 
the  maintenance  requirements  must  receive  constant  attention 
to  secure  good  operating  results. 

Fuel  should  be  fed  to  the  furnace  no  faster  than  it  is  consumed 
and  stoker  drives  should  have  at  least  four-to-one  speed  ranges  in 
order  to  maintain  efficient  operation.  In  a  power  station  in 
which  its  turbo-generators  supply  alternating  current  it  would 
seem  that  alternating  current  would  be  used  generally  for  stoker 
drive,  but  alternating-current  motors  do  not  have  their  best 
applications  where  wide  speed  variation  is  required. 
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The  methods  of  stoker  driving  are  as  follows : 

1.  Constant-speed  motor  with  a  mechanical  connection  to  the 
stokers  that  will  give  a  wide  range  of  speed. 

2.  A  wound-rotor  induction  motor  having  a  speed  range  of 
two  to  one  by  secondary-resistance  control  combined  with  a 
selective-gear  transmission,  preferably  of  four  speeds. 

3.  A  four-speed  squirrel-cage  motor  giving  speeds  corre- 
sponding to  six,  eight,  twelve  and  sixteen  poles,  or  speeds  of  approx- 
imately,   1,200,   900,   600  and  450  r.p.m.  on  sixty  cycles,  this 


Fig.  96. — Boiler  room  in  the  Long  Beach  station  oi  the  Southern  California 
Edison  Company.     Oil  is  used  for  fuel. 

motor  to  have  two-  or  four-speed  selective-gear  transmission. 
This  device  will  give  six  to  twelve  fixed  speeds  if  the  gears  are 
properly  proportioned. 

4.  A  commutator-type  alternating-current  motor  giving  a  wide 
range  of  speeds  by  shifting  the  brushes. 

5.  A  two-speed,  wound-rotor  motor  giving  a  speed  range  of 
1,200  to  600  r.p.m.  by  inserting  resistance  in  the  secondary  and 
then  pole  changing  to  get  600  r.p.m.  synchronous  speed  and 
reinserting  resistance  in  the  secondary  to  get  from  600  to  300 
r.p.m. 

6.  An  adjustable  speed  direct  current  motor. 
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Refractories. — Most  boiler  refractories  are  made  of  fire  clay 
as  a  base  with  additions  of  alumina,  silica,  iron  or  alkalies  in 
small  proportions.  The  limit  to  boiler  combustion  chamber 
temperatures  is  found  in  the  refractories  and  the  modern  tendency 
toward  large  combustion  chambers  is  due  to  the  desire  to  achieve 
high    boiler    ratings    with    available    refractories.     Fire    brick 


Fig.  97, — View  of  firing  aisle  in  the  boiler  room  of  Hell  Gate  station  of  United 
Electric  Light  and  Power  Company  in  New  York. 

softens  under  load  at  about  2200  to  2900°F.  and  it  is  necessary 
to  support  it  adequately  if  these  temperatures  are  approached. 
Designs  are  made  to  accomplish  this  result  but  in  addition  steps 
are  taken  to  cool  the  refractories  by  blowing  air  along  the  walls 
inside  the  furnace  or  by  cooling  the  outside  wall  with  air  or  water. 
The  use  of  water  cooling  has  led  to  the  adoption  of  water  screen- 
ing on  a  large  scale  and  installations  have  been  made  which  use 
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bare  or  slightly  insulated  boiler-metal  walls  filled  with  water 
used  in  the  boiler  circulation.  Along  with  preventing  the 
softening  and  spalling  of  refractories,  refractory  cooling  prevents 
clinkering  and  stops  the  fuel  from  adhering  to  the  wall.  Air 
admission  through  the  furnace  walls  at  proper  locations  is 
frequently  used  to  accomplish  this  result  on  stoker  installations. 
Most  boiler  furnace  refractories  are  made  from  a  fire  clay,  the 
basis  of  which  is  kaolin,  which  when  pure  is  composed  of  46.'2  per 


(jiitrol  of  all  boiler  operations  is  centered  at  the  panel 
in  front  of  each  boiler. 


cent  alumina  and  53.8  per  cent  silica,  having  a  melting  point  of 
about  3200°F.  As  a  general  rule,  the  addition  of  alumina  to 
kaolin,  or  fire  clay,  tends  to  increase  its  refractoriness,  while 
silica,  iron  and  the  alkalies  tend  to  lower  it.  Fire-clay  bricks 
are  usually  made  by  blending  a  highly  refractory  flint  clay  with 
a  bond  clay  which  is  usually  lower  in  refractoriness  than  the  flint 
clay,  and  if  the  blending  is  not  properly  and  intimately  done,  the 
resulting  brick  may  show  the  refractory  properties  of  the  weaker 
member  rather  than  the  average  properties  of  both  its  constitu- 
ents.    For  this  reason,  while  the  chemical  analysis  of  a  brick  is 
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an  indication  of  its  refractory  qualities,  the  analysis  alone  is  not 
a  safe  guide,  as  quite  a  number  of  factors  entering  into  the 
process  of  manufacture  govern  the  ultimate  structure  and  refrac- 
tory properties  of  the  product. 

Light-burned  fire  brick  will,  when  cold,  withstand  a  pressure 
of  from  400  to  750  lb.  per  square  inch  and  hard-burned  brick  of 
from  2,000  to  3,000  lb.  per  square  inch.     Increasing  the  temper- 
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Fig.  99. — Rear  of  boilers  in  the  Valmont  station  of  the  Public  Service  Company 
of  Colorado.     Pulverized  fuel  is  used. 

ature  does  not  reduce  the  load-carrying  ability  of  fire  brick  until 
a  temperature  of  about  2000°  is  reached.  Depending  on  the 
quality  of  the  brick,  it  begins  to  soften  under  load  at  from  2200 
to  2900°F.  Most  of  the  fire-clay  bricks  will  commence  to  deform 
under  2500°F.  More  difficulty  is  not  experienced  in  boiler 
furnaces  from  this  source  because  high  temperatures  do  not 
penetrate  very  deeply  into  the  wall  unless  it  is  heavily  insulated 
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and  because  of  the  general  practice  to  use  some  form  of  wall 
ventilation  or   cooling. 

The  properties  of  some  common  types  of  refractories  are  shown 
in  Table  XXVIII. 


Table    XXVIII. — Thermal    Properties    of    Various     Refractories^ 


Thermal 

Fusion 

Point  of 

conductivity 

" 

faikire  under 

at  1832°F. 

Specific 

point, 

50  lb.  per 

B.t.u.  per  hour, 

heat  at 

degrees 
Fahrenheit 

square  inch 
load 

per  degree 

Fahrenheit 

per  1  in. 

212°F. 

Fire  clay 

3092 

2462-2552 

11.3 

0.199 

SiUca 

3092 
3929 

2912 
2696 

12.7 
22.9 

0.219 

Magnesia 

0.231 

3722 
3245 
4667 

2597 

2462  or  more 

2750 

16.5 
11.3 

Low 

Zirconia 

Carborundum .  .  . 

4064 

Above  3002 

67.0 

0.186 

Alundum 

3722 

Above  2822 

High 

0.198 

1  Prime  Movers  Committee,  N.E.L.A.,  1922. 

The  characteristics  usually  desired  for  a  side-wall  brick  are 
large  load-carrying  capacity  at  high  temperatures  and  low 
coefficient  of  expansion.  For  arch  bricks,  particularly  where  only 
one  side  of  the  brick  is  subjected  to  furnace  temperatures,  many 
users  prefer  a  brick  which  has  a  slight  initial  softening  at  a 
temperature  around  2300°F.,  but  with  a  well-sustained  strength 
for  several  hundred  degrees  higher.  This  characteristic  of  early 
initial  softening  relieves  some  of  the  compression  strains  in  the 
arch  and  make  it  less  susceptible  to  spalling. 

Draft. — Forced-draft  fans  with  capacities  up  to  about  300,000 
cu.  ft.  per  minute  are  used  in  nearly  all  stations.  Individual  fans 
are  used  for  each  boiler  in  the  unit  system  but  in  some  installa- 
tions the  fans  discharge  into  a  common  duct.  These  fans  are 
motor  driven  by  direct-current  motors  or  variable-speed  alternat- 
ing-current motors  with  control  of  air-duct  pressure  either  by 
hand  or  by  remote  control  with  automatic  devices.  Induced 
draft  is  a  necessity  for  most  plants  operating  at  high  ratings  and 
using  economizers  or  air  heaters.  In  some  cases  economy 
or  the  necessity  for  eliminating  the  smoke  nuisance  may  cause  high 
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stacks  to  be  built  in  preference  to  or  in  addition  to  the  use  of 
induced-draft  fans.  A  by-pass  should  be  provided  on  the 
induced-draft  fans  and  economizers  to  permit  of  cleaning  and 
repairs. 

Stacks. — Lined  steel,  radial  brick,  reinforced  concrete  and  a 
combination  of  tile  and  reinforced  concrete  are  types  of  stacks 
used.  Costs  and  questions  of  reliability  and  life  determine  which 
type  is  best  to  use  and  data  are  not  yet  conclusive.  Reinforced- 
concrete  and  fire-brick-lined  steel  stacks  are  used  very  frequently, 
but  their  life  and  maintenance  costs  are  yet  to  be  determined. 


Fig.  100. — Boiler  room  operating  floor  of  the  Big  Sioux  station  of  tlie  Sioux  City 
Gas  and  Electric  Company.     Pulverized  fuel  is  used. 

The  proportioning  of  stacks  is  very  important  and  but  little 
can  be  had  from  empirical  formula  developed  for  small  plants 
operating  at  low  ratings.  The  fuel  used,  the  draft  system,  the 
use  of  stokers,  chain  grates  or  pulverized  fuel,  the  rating  at 
which  boilers  operate,  the  furnace  volume,  the  boiler  and  furnace 
design,  the  use  of  economizers  or  air  heaters  and  the  cost  factors 
are  all  elements  in  determining  the  design  and  proportions  of 
stacks.^ 

As  a  general  start  on  the  problem  it  is  best  to  find  the  net  area 
to  allow  the  passage  of  the  maximum  volume  of  flue  gases  and 
then  to  determine  the  requisite  height  to  give  a  draft  in  excess  of 
all  the  draft  losses  plus  the  required  furnace  draft.     At  maxi- 

1  Cotton,  Alfred,  "Chimney  Sizes,"  a  paper  presented  at  Montreal 
before  the  A.S.M.E.,  May  28,  1923. 
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mum  rating  the  total  draft  requirements  in  a  large  station  may 
varj^  from  1.2  to  7  in.  of  water,  depending  on  conditions.  The 
use  or  non-use  of  economizers  and  induced-draft  fans  enter  into 
the  problem  also.  But  having  determined  the  maximum  draft 
requirements  and  how  it  is  to  be  obtained  the  stack  height  may  be 
determined  from  these  data  and  an  estimate  of  flue-gas  tem- 


FiG.  101. — Interior  of  boiler  combustion  chamber  in  Richmond  station  of 
Philadelphia  Electric  Company.  Note  Bailey  wall  installation  using  metal 
steaming  surface  protected  by  special  refractory  blocks. 

peratures.  This  temperature  may  vary  from  200  to  as  high  as 
800°F.,  depending  upon  the  equipment  and  the  rating  at  which 
it  is  operated. 

Flues  are  made  of  steel-plate  construction  with  stiffeners  at 
the  angles.  The  layout  of  flues  is  made  to  follow  the  stream 
line  of  the  gases  to  reduce  draft  losses  and  the  areas  are  propor- 
tioned to  keep  the  velocity  of  the  gases  about  constant.     Expan- 
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sion  and  contraction  of  flues  and  dampers  must  be  provided  for 
and  it  is  desirable  to  insulate  the  flues  to  prevent  excessive  heat 
in  the  upper  part  of  the  boiler  room.  With  the  unit  plan,  one 
stack  and  one  flue  per  group  of  two  to  four  boilers  is  used,  but  a 
wide  variation  exists  in  practice.  Cleaning-out  doors  and  expan- 
sion joint  connections  to  stacks  should  be  part  of  the  flue  installa- 
tions and  the  construction  should  be  such  as  to  insure  a  rehable 
air  seal  at  all  points. 


Fig.    103. — A  deep  pit  with  vertical  walls  fea.ture   this  Westinghouse  rotary 
ash  discharge  and  underfeed  stoker. 

Station  Piping. — Station  piping  should  be  well  insulated  and 
should  be  safe,  flexible  and  simple.  The  location  of  valves,  the 
types  to  use,  the  velocity  to  use  and  the  size  of  pipe  are  elements 
to  be  determined  by  the  designer.  For  insulation,  many  mate- 
rials are  available  which  give  fair  results .  Among  those  commonly 
used  are  Nonpariel,  Silocel  and  sponge  felt,  with  the  magnesia 
type  predominating. 

Expansion  is  usually  cared  for  by  using  pipe  bends  and  the  data 
upon  which  the  bends  are  based  are  very  meager  as  is  also  the 
case  with  fixing  the  piping  system  by  means  of  anchors.  Roller 
anchors,  spring  anchors  and  fixed  anchors  are  used,  the  fixed 
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anchors  being  used  to  prevent  thrust  on  the  turbine  throttle. 
Steam  velocities  cover  a  wide  range  as  indicated,  as  follows: 

Feet  per 
Minute 

Boiler  leads 7,000-  9,000 

Steam  headers 6 ,  000-12 ,  000 

Turbine  leads 5 ,  500-16 ,  000 

High-pressure  joints  are  usually  of  the  Vanstone  or  Sargol 
types  with  rolled  or  forged-steel  flanges,  and  a  great  amount  of 
research  work  is  being  done  to  secure  better  joints.  All  piping 
and  valves  should  be  identified  by  means  of  colored  paint  or  some 
other  method. 

Figure  83  shows  the  piping  for  the  Trenton  Channel  station 
of  the  Detroit  Edison  Company.  Pipe  sizes  on  the  main  steam 
lines  in  the  Hell  Gate  station  of  the  United  Electric  Light  and 
Power  Company  vary  from  10  to  18  in.  outside  diameters  with 
steam  velocities  ranging  from  6,800  to  14,200  feet  per  minute  at 
normal  loads.  The  main  high-pressure  piping  is  the  controlling 
element  in  the  station  piping  layout  and  it  should  be  carefully 
designed  on  the  basis  of  the  velocities  to  be  used. 

The  valves  should  be  located  conveniently  to  the  operating 
force  with  a  control  station  at  the  valve  and  at  the  central  boiler- 
room  control  board. 

Boiler  Feed  Water. — For  boiler  feed  supply  water  need  not 
be  pure  but  must  be  suitable  for  steaming  purposes.  It  must  be 
free  from  air,  carbonic  acid,  salts  of  ammoniac,  decomposed  foods, 
chlorides  and  must  not  produce  scale. 

Impurities  in  feed  water  produce  one  of  the  following  effects 
in  plant  operation: 

1.  Internal  corrosion. 

2.  Precipitation  of  solid  matter  (mud). 

3.  Formation  of  scale. 

4.  Scum,  which  causes  foaming. 

Any  of  the  above  effects  makes  for  non-economic  operation  of 
the  plant. 

Corrosion  is  caused  by  the  free  acids  and  by  air  in  the  water. 
It  may  come  from  oil  used,  ashes,  use  of  swamp  or  bog  water, 
sulphuric  acid  from  mine  drainage  water  and  from  the  air 
absorbed  in  the  water.     Alkahne  water  attacks  copper  fittings, 
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oxygen  also  attacks  copper  fittings;  the  alkaline  water  dissolves 
the  oxide  and  lets  the  fittings  again  be  oxidized. 

Mud  if  deposited  in  the  mud  drum  only  requires  blowing  out, 
although  it  may  also  cement  the  scale  in  the  boiler,  Blo'^ing  out 
of  boilers  represents  a  great  heat  loss  and  should  be  done  only 
when  needed. 

Scale  effect  depends  on  its  density ;  the  carbonates  are  soft  and 
porous  and  are  usually  non-injurious;  the  sulphates  are  hard  and 


Fig.  104. — Rotary  ash  discharge  with  Taj-lor  underfeed  stoker. 


impervious  to  water  and  are  dangerous.  The  following  are 
common  scale-forming  materials:  CaCOs,  CaS04,  MgCOs  and 
MgS04. 

The  carbonates  are  only  shghtl}'  soluble  in  water  and  are  usu- 
ally combined  with  CO2,  forming  a  soluble  solution  of  bicarbon- 
ates  in  cold  water  but  insoluble  at  temperatures  above  200°F. 
due  to  the  CO2  being  driven  off.  IManganese  and  calcium  sul- 
phates are  the  most  troublesome  and  are  not  deposited  until  a 
temperature  of  300°F.  is  reached. 
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Scum  causes  foaming.  When  soda  is  used  in  the  feed  water  it 
may  combine  with  the  oil  and  saponify  the  feed  water.  Surface 
blow  off  is  the  best  remedy. 

In  determining  the  feed-water  system  it  is  necessary  to  con- 
sider the  kind  of  water  that  is  available  and  what  purification  is 
best,  the  type  of  heaters  and  heating  system  to  use,  the  auxiliary 
drives,  the  size  of  piping  and  head  pumped  against,  the  power 
used  by  steam  and  electric  auxiliaries,  the  fuel  cost  and  the 
installation  charges.  An  economic  equation  can  then  be  set  up 
involving  the  variables,  and  the  installation  giving  the  lowest 
annual  overall  cost  can  be  determined. 

IS" blincJ  riangi'-..^   ,.-/8''ffaf<!  valve 
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Fig.    105. — Main   steam  piping  in   Avon  station.     The  location  is  below   the 
operating  floor  of  the  boiler  room. 

The  majority  of  stations  use  chemical  treatment  of  some  kind 
for  conditioning  the  feed  water.  Deaerator  systems  have  proved 
necessary  and  economical  in  large  stations  for  eliminating  the 
oxygen  in  the  feed  water.  This  treatment  eliminates  corrosion 
of  iron  and  steel  in  boilers,  economizers  and  piping  and  prolongs 
the  life  of  the  metals. 

Of  the  feed-water  systems  used  with  varying  degrees  of  success 
depending  upon  local  conditions  the  most  commonly  encountered 
can  be  listed  as  American  water  softener,  International  cold  or 
hot  process,  Permutit,  Sorge  Cochrane  hot  process,  lime  and  soda 
hot  process,  Bartlett  Graver,  Borromite  process,  Dearborn,  Gris- 
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com  Russel  evaporators,  Vator,  Scaife,  continuous  lime  and  soda, 
Reilly  evaporators,  lime,  soda-ash  copperas  process,  and  Lillie 
evaporators.  These  differ  in  many  details  and  the  present 
tendency  in  the  large  systems  is  toward  the  use  of  evaporators. 
This  results  in  changes  in  practice  which  have  reduced  the  amount 
of  make-up  water  to  a  very  small  value. 

Accessory  Devices  and  Metering  Equipment. — Soot  blowers, 
pumps,  feed- water  regulators,  draft-control  equipment  'and 
many  other  devices  are  used  in  the  boiler  room.     The  selection 


Half  Side  Elevation 


Fig.  106. — Side  elevation  and  section  of  the  boiler  setting  in  Avon  station  of  the 
Cleveland  Electric  Illuminating  Company.      Ultimate  rating  300,000  kw. 


and  application  of  this  type  of  equipment  involve  the  utilization 
of  the  latest  developments  in  the  art  as  recorded  in  current 
engineering  data.  Very  great  improvements  are  being  made 
constantly  in  control  equipment  and  the  tendency  is  to  secure 
equipment  which  will  eliminate  the  human  element  in  station 
operation  to  a  maximum  degree  so  that  highly  skilled  combustion 
engineers  may  operate  and  control  the  whole  station  from  one 
central  dispatching  board  located  in  the  boiler  room. 

Metering    Equipment. — The    use    of    adequate    and    reliable 
meters  in  the  boiler  plant  is  essential  to  economical  operation 
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and  to  afford  a  record  of  station  performance.  Indicating  meters 
show  what  is  going  on  continuously  to  the  station  operators; 
integrating  meters  record  values  over  stated  time  intervals  for 
economic  calculations  and  graphic  meters  give  a  continuous  and 
permanent  record  of  equipment  performance  whereby  the  causes 
of  poor  economy  or  of  accidents  may  be  accurately  determined. 

Meters  are  of  many  types  and  may  be  divided  into  two  main 
groups:  (1)  for  securing  economical  operation,  (2)  for  securing 
records  and  checking  performance.  For  a  modern  steam  station 
using  coal,  these  groups  are  typified  by  the  following  meters: 

Meters  for  boiler-room  operations. 

Water  gage  on  each  boiler  (indicating). 

Steam  gage  on  each  boiler  (indicating  and  recording). 

CO2  meters  on  each  boiler  (indicating  and  recording). 

Draft  gages  on  each  boiler  (indicating  and  recording). 

Coal  weights  (recording  or  indicating). 

Ash  volume  or  weights  (indicating). 

Water-pressure  gages  on  feed  pumps  (indicating). 

Feed- water  level  gages  on  heaters  (indicating). 

Steam  temperatures  on  each  boiler  (indicating  and  recording). 

Feed- water  temperatures  (indicating  and  recording). 

Flue-gas  temperature  (indicating  and  recording). 

Steam- flow  meters  on  each  boiler  (recording). 

Feed- water  meters  (recording  and  integrating). 

Make-up  water  meters  (recording). 

Condensate  water  temperature  (recording). 

Aneroid  barometer. 

Atmospheric  temperatures. 

Gages  on  lubricating-oil  applications. 

Portable   thermometers,  gage  test  sets,  flue-gas  analysis  sets. 

Other  instruments  suitable  for  the  equipment  used  in  the 
particular  station. 

The  data  obtained  should  be  used  as  quickly  as  read  to  main- 
tain operation  at  maximum  operating  efficiency  through  compari- 
son with  what  might  be  called  standardized  data  determined  by 
careful  tests  for  the  station  under  consideration.  In  addition, 
these  data  are  necessary  to  determine  the  monthly  and  yearly 
operating  records  and  to  establish  facts  in  the  event  that  ques- 
tions arise  in  the  future  about  present  operating  conditions. 

Economical  Solution  of  Layout. — The  foregoing  discussion 
shows  the  intimate  relationships  existing  between  the  various 
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items  of  equipment  used  in  a  modern  boiler  plant.  The  choice 
of  one  piece  of  equipment  is  linked  very  intimately  with  that  of 
others  and  it  is  very  difficult  to  connect  the  equipment  in  an 
economic  equation  that  will  consider  all  elements  in  the  problem. 
In  principle,  each  unit  can  be  placed  in  an  equation  involving  the 
pounds  of  coal  used  per  kilowatt-hour,  but  the  constants  are 
very  difficult  to  obtain  because  of  the  necessity  for  estimating 
heat  transfers,  efficiencies  and  operating  performances.  The 
result  is  that  large  stations  are  designed  with  some  simple  basic 
economic  calculations.  It  is  to  be  expected  that  thermo-dynamic 
data  and  combustion  data  will  shortly  be  obtained  so  that  funda- 
mental equations  can  be  used  more  largely  in  boiler-room  design. 
The  fundamental  relationships  are  as  follows: 

Total  steam  =  Plant  rating  in  kilowatt  X  Steam  consumption 
of  main  units  in  pounds  per  kilowatt-hour  + 
Steam  for  auxiliaries  +  Losses.  (1) 

Total  water  from  and  at  212°F.  =  Factor  of  evaporation  X 
Eq.  (1).  (2) 

Water  evaporated  per  pound  of  coal  from  and  at  212°F,  = 

B.t.u.  per  pound  coal  X  Efficiency  of  boilers,  ^  971.7.  (3) 

Fo    (2) 
And  the  pounds  of  coal  used  per  hour  at  full  load  =  ^^      ^„.-  (4) 

Eq.  {6) 

Therefore  the  kilowatt-hours  per  pound  of  coal  =  Plant  rating 
in  kilowatts  -^  Eq.  (4).  (5) 

To  apply  the  equation,  it  is  necessary  to  know  the  efficiencies 
and  energy  consumption  of  all  auxiliaries  under  operating  condi- 
tions and  the  magnitude  of  the  losses.  Needless  to  say,  this 
involves  a  great  deal  of  estimation  on  the  part  of  the  station 
designer,  but  in  the  specific  plant  many  of  the  fundamental  data 
can  be  ascertained  with  a  fair  degree  of  accuracy  and  the  prelimi- 
nary design  determined.  As  starting  data  it  is  necessary  to  know 
the  load  factor  of  the  station,  the  size  of  the  station,  the  cost  of 
fuel  and  the  manufacturers'  guarantees  on  prime  movers,  boilers 
and  auxiliaries  under  condition  of  steam  pressure,  steam  tempera- 
ture and  vacuum  assumed  as  the  maximum  that  can  be  con- 
sidered standard  and  safe  practice. 


CHAPTER  VIII 
TURBINES  AND  TURBINE  AUXILIARIES 

The  selection  of  the  steam  equipment  and  auxihary  apparatus 
for  the  turbine  room  is  intimately  connected  with  the  load  factor 
of  the  station  and  its  size.  Modern  steam  turbines  are  very 
similar  in  principle,  using  the  impulse  action  in  the  first  stages 
and  the  reaction  principle  in  the  lower  stages  and  there  is  no 
apparent  limit  to  their  ratings.  Both  the  single-cylinder  type 
and  the  tandem  type  are  used  in  sizes  up  to  62,500  kva.  and 
compound  units  have  been  designed  and  planned  for  use  in  rat- 
ings up  to  200,000  kw.  At  full  load  the  operating  steam  con- 
sumptions of  the  several  types  compare  very  favorably  with 
each  other  so  that  the  effect  of  variable-load  conditions,  mechani- 
cal-design differences,  space  occupied,  costs  and  operating  con- 
veniences are  governing  factors  in  choosing  the  prime  movers. 
Figure  115  shows  the  performance  curves  of  two  single-cylinder 
units  from  actual  test  data  for  various  loads  and  conditions  of 
vacuum.  Figure  109  shows  the  thermal  characteristics  of  one 
of  the  40,000-kw.  tandem  units  in  Hell  Gate  station  for  specified 
operating  conditions. 

As  a  general  practice,  the  system  load  is  seldom  an  exact 
multiple  of  the  rated  capacity  of  the  machines  used,  and  in 
addition  a  spare  unit  is  usually  operated  to  care  for  fluctuations 
in  demand  and  insure  better  reliability  of  the  service.  For  these 
reasons  even  in  base-load  stations  the  average  load  on  an  installed 
unit  will  seldom  be  greater  than  80  per  cent  of  rating  and  the 
unit  should  be  chosen  to  give  minimum  steam  consumption  at 
this  load.  For  stations  supplying  loads  having  high  peaks  and 
with  a  low  load  factor,  the  point  of  highest  economy  may  be  as 
low  as  65  per  cent  of  the  rated  capacity  of  the  prime  movers. 
Thus  the  load  conditions  and  the  cost  of  fuel  very  definitely 
determine  the  amount  of  money  to  spend  for  securing  units  of 
high  economy. 

Foundations. — Since  the  turbine  and  the  generator  are  mounted 
on  one  bed  plate  it  is  necessary  to  have  a  foundation  sufficiently 
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largo  to  afford  support  to  the  complete  unit.  Since  the  condenser 
is  often  mounted  beneath  the  generator  and  turbine  at  about  the 
center  of  the  bed  plate  and  at  right  angles  to  the  longest  bed- 
plate dimension,  it  is  necessary  to  form  a  foundation  with  pier 
supports  for  the  turbine.  This  gives  the  so-called  "island" 
type  of  installation  so  frequently  used  consisting  of  a  subbase 
and  superstructure. 


Fig.  109. — Steam  conditions  at  28,000  kw.  on  a  40,000-kw.  Westinghouse 
turbine  in  Hell  Gate  station  of  the  United  Electric  Light  and  Power  Company, 
New  York.  Steam  is  admitted  by  the  primary  valve  at  2.50-lb.  pressure,  the 
secondary  valve  is  just  beginning  to  open,  and  the  tertiary  is  closed. 

The  subbase  must  furnish  a  soHd  support  to  the  turbo-gen- 
erator so  that  no  movement  can  occur  after  the  machine  is 
installed.  Although  most  soft  soils  will  settle  somewhat,  this 
will  do  no  damage  if  the  setthng  is  uniform  under  all  parts  of 
the  foundation. 

The  concrete  mixture  for  the  subbase  is  about  1-2-5  and  should 
be  mixed  and  placed  with  extreme  care  and  skill  in  conjunction 
with  reinforcing.  The  use  of  reinforcing  in  concrete  foundations 
should  be  eliminated  where  possible,  as  stray  electric  currents 
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produce  rapid  deterioration  of  the  concrete  in  proximity  to  the 
reinforcing  metal.  The  concrete  mat  is  kept  separate  from 
building  and  should  be  at  least  3  ft.  thick.  In  computing  the 
foundation  dimensions,  the  total  load  on  the  soil  will  be  the  sum 
of  the  loads  due  to  the  weight  of  the  foundation  concrete,  the  dead 
turbo-generator  weight  and  the  pressure  due  to  the  bearing  load 
or  torque  action  in  the  generator.  The  moment  due  to  the  rota- 
tional or  bearing  load  is  very  large  and  the  sum  of  this  moment 
and  that  due  to  the  frame  weight  will  be  about  twice  the  moment 
due  to  the  frame  weight  alone.  The  outline  dimensions  and 
weights  are  given  by  the  manufacturer  and  it  is  also  customary 
for  him  to  specify  the  details  of  the  foundation  so  that  the  pur- 
chaser usually  does  not  design  the  foundation.  The  exact 
solution  of  the  foundation  problem  is  obtained  by  using  moments 
about  the  machine  axes  and  involves  fundamental  principles  in 
mechanics. 

The  superstructure  is  made  either  of  reinforced  concrete  or  of 
steel  completely  encased  in  concrete  or  with  the  spaces  between 
steel  members  filled  in  with  concrete.  The  height  of  the  founda- 
tion above  the  subbase  and  its  general  design  are  largely  governed 
by  the  space  required  for  the  condenser  and  its  auxiliaries.  With 
the  smaller  turbine  units  the  condenser  does  not  introduce  much 
complication,  but  with  the  large  size  units  it  requires  from  25- to 
30-ft.  height  above  the  subbase  and  its  installation  becomes 
somewhat  a  problem. 

Rigidity  and  mass  are  the  chief  requisites  of  the  superstructure. 
The  choice  between  steel  and  reinforced  concrete  or  steel  encased 
in  concrete  depends  largely  upon  the  space  requirements  for 
the  condenser,  and  the  individual  ideas  of  the  designer.  Either 
type,  properly  designed,  may  be  made  to  meet  the  needs  of  a 
particular  case  and  the  manufacturers  of  turbine  units  have  not 
attempted  to  dictate  which  type  shall  be  used.  In  practice, 
choice  of  types  seems  to  be  fairly  evenly  divided. 

Vibration  and  the  stresses  hable  to  occur  from  impact  due  to 
unbalanced  parts  govern  largely  the  calculation  of  the  sizes  of 
various  members.  It  is  common  practice  to  double  the  calcu- 
lated stresses  to  allow  for  impact  and  to  reduce  the  allowable 
stresses  in  steel  and  concrete  to  from  three-eighths  to  one-half 
those  allowed  for  ordinary  structures— in  other  words,  the  allow- 
able stresses  for  steel  would  not  exceed  from  6,000  to  8,000  lb. 
per  square  inch. 
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As  with  the  substructure,  usual  practice  is  to  keep  the  founda- 
tion superstructure  separate  from  the  building  structure.  Very 
often  the  flooring  immediately  around  a  unit  is  supported  directly 
on  the  foundation  superstructure.  This  floor,  however,  is  seldom 
more  than  5  ft.  wide  and  a  joint  is  left  where  this  floor  meets  the 
floor  of  the  building. 

The  usual  method  of  anchorage  is  by  the  use  of  anchor  bojts 
built  into  the  foundation  piers  or  fastened  to  the  steel.     Ordi- 


FiG.    110. — Assembly   and   foundation   for   a   30,000-kw.    Westinghouse   turbo- 
generator. 


nary  anchor  bolts  have  a  working  strength  of  about  16,000  lb. 
per  square  inch,  the  shearing  strength  of  concrete  is  about  40 
lb.  per  square  inch  and  the  bonding  strength  about  80  lb.  per 
square  inch,  so  that  the  depth  to  insert  the  plain  round-bar  anchor 

bolt  in  concrete  is  —^ —  =  200  in.     The  diameter  of  the  anchor 

bolt  is  determined  by  the  load  it  will  carry.  As  the  above  depth 
is  very  great,  it  is  customary  to  use  short  rods  with  K-in.  anchor 
plates  on  the  lower  end  which  are  embedded  into  concrete  where 
steel  pillars  are  not  available  in  the  superstructure.  These 
installations  thus  utilize  the  shearing  strength  of  the  concrete 
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more  than  the  bonding  strength.     Figure  110  shows  a  modern 
turbine  assembly. 

Turbines. — Developments  in  turbine  manufacture  have  been 
along  lines  designed  to  secure  better  mechanical  and  thermal 
performance  in  large  and  small  units.  Stream-line  flow  of  steam 
through  the  units  eliminates  eddies  and  whirls  and  choking  and 
increases  the  efficiency.  Opportunity  for  steam  extraction  at 
one  or  several  stages  is  also  given  in  late  designs.  The  greatest 
improvements  have  been  made  in  securing  better  balancing  of 


Fig.  111. — A  triple-cylinder  turbo-generator  unit  in  the  Colfax  station  of  the 
Duquesne  Light  Company. 

moving  parts,  greater  reliability  in  materials  and  greater  sensi- 
tivity and  reliability  in  governors. 

Turbine  units  can  be  obtained  in  sizes  up  to  200,000  kva.  with 
ranges  in  pressure  and  temperature  upwards  of  600  lb.  per 
square  inch  and  725°F.,  respectively.  The  triple-cylinder  turbo 
units,  while  efficient  and  adapted  to  certain  conditions  of  instal- 
lation, are  not  used  so  much  as  the  single  cylinder  and  tandem 
designs  in  recent  stations  because  of  the  greater  use  of  the  unit 
system  in  station  operation. 
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In  the  1923  Report  of  the  Prime  Movers  Committee  of  the  N.E. 
L.A.,  service  records  of  seventy-four  large  turbine  units  were 
compiled  and  are  given  in  Table  XXIX.  This  table  affords  data 
for  computing  an  average  reserve  capacity  in  turbine  equipment 
to  insure  reliable  service.  In  the  more  recent  stations  steam 
extraction  from  two  or  more  stages  of  the  turbine  is  used  to  heat 


Fig.  112. — Two  25,000-kw.  turbo-generator  units  in  operation. 


feed  water.  From  15  to  25  per  cent  of  the  steam  which  enters 
the  thitottle  is  bled  before  it  enters  the  turbine  condenser.  This 
reduces  the  capacity  of  the  turbine  in  terms  of  main  unit  rating 
and  affects  the  rating  of  the  generator  slightly.  Also  the  design 
of  the  turbine  low-pressure  stages  should  be  modified  slightly  to 
care  for  the  proportionate  decrease  in  leaving  losses,  or  the  admis- 
sion nozzles  should  be  changed  to  admit  more  steam  to  the  first 
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Table  XXIX. — Summary  of  Operating  Record — 1922 
Seventy-four  Turbine  Units ^ 


Installed  turbine  unit  capacity ...  2 ,  068 ,  000  kw. 

Total  period  hours  reviewed 642,902  hr. 

Kilowatt-hours  generated— total .  .  8,885,504,000  kw.-hr. 

Service  hours  demanded 481 ,093  hr. 

Service  hours  operated 437 ,  902  hr. 

Idle  hours 205,000  hr*. 

Unit  service  demand  factor 74 . 8  per  cent 

Service  demand  availability  factor  91 .0  per  cent 

Capacity  factor 48 . 1  per  cent 

Output  factor 70.6  per  cent 

Service  hours  factor 68. 1  per  cent 

Maximum  possible  service  hours 

factor 84.5  per  cent 

Steam  Turbine 

Total    hours    of    repair    and 

maintenance 51,136  hr. 

Steam  casing  and  joints.  ...    1,141  hr.       2.23    per  cent 

Governors 618  1 .  208  per  cent 

Control  gear 615  1 .202  per  cent 

Packings 1,800  3.520  per  cent 

Nozzles 140  0 .  275  per  cent 

Shaft  and  coupling .  .          115  0.225  per  cent 

Wheels  or  spindle 20 , 1 13  39 .  33    per  cent 

Buckets  or  blading 2 ,  485  4 .  86    per  cent 

Vibration 5 ,  565  10 .  88    per  cent 

Bearings 1 ,  824  3 .  57    per  cent 

Lubrication  system 901  1 .76    per  cent 

Cleaning  oil  system 1 ,  663  3 .  26    per  cent 

General      inspection      and 

overhaul 14, 156  27.68    per  cent 

Repairs  during  service  de- 
mand    25,176  49.2      percent 

Generator 

Total    hours    of    repair    and 

maintenance 20 ,  506  hr. 

Vibration 465  hr.        2 .  26    per  cent 

Oil  leakage 44  0. 215  per  cent 

Armature  core 1 ,  050  5 .  13    per  cent 

Armature  winding 9,771  47.6      percent 

Field  winding 5,838  28.4      percent 

Collector  rings 423  2 .  06    per  cent 

Exciter 46  0. 225  per  cent 

Fans  and  ventilation 693  3 .  38    per  cent 

Inspection  and  cleaning 2,176  10.5     per  cent 

Repairs  during  service  de- 
mand     10,430  50.7      per  cent 

1  N.E.L.A.,  1923. 


Percentage  of 
Period  Hours 

100 . 0  per  cent 

74 . 8  per  cent 
68 . 1  per  cent 

31.9  per  cent 


7 . 9  per  cent 


3. 1  per  cent 
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Table  XXIX. — Summary  of  Operating  Record — 1922. — (Continued) 

Condenser 

Percentage  of 
Period  Hours 
Total    hours    of    repair    and 

maintenance 16,369  hr.  2.5  per  cent 

Leakage 2,071  hr.      12.65  per  cent 

Cleaning 9 ,  154  55 .  92  per  cent 

Tubes 2,386  14.58  per  cent 

Shell 13  0 .  08  per  cent 

Circulating  pumps 1,692  10.34  per  cent 

Hot-well  pumps 262  1 .  60  per  cent 

Air  pumps 454  2 .  77  per  cent 

Miscellaneous 337  2 .  06  per  cent 

Repairs  during  service  de- 
mand      3,694  22.5    percent 

Other  Causes 
Total    hours    of    repair    and 

maintenance 11, 448  hr.  1.8  per  cent 

General  piping 1 ,201  hr.      10. 5  per  cent 

Plant  electrical 1 ,  720  15 . 0  per  cent 

Outside  electrical 70  0.6  per  cent 

Miscellaneous 8,457  73.9  per  cent 

Repairs  during  service  de- 
mand      3 ,  086  26 . 9  per  cent 

Idle 
Reserve  ready  for  immediate 

starting 105,248  hr.  16.6  per  cent 

In  many  recent  installations,  arrangements  are  made  to  permit 
the  generator  to  be  disconnected  from  the  turbine  quickly.  With 
a  closed  system  of  ventilation  on  the  generator  this  arrangement 
readily  adapts  itself  to  using  the  generator  as  a  synchronous 
condenser  when  disconnected  from  the  turbine. 

Contract  Details. — For  large  turbines  a  special  contract, 
covering  conditions  at  the  time  of  purchase,  is  made  with  the 
manufacturer.  A  sample  contract  is  given  below,  but  the  data 
are  to  be  taken  as  typical  and  not  as  specific  for  the  unit  con- 
sidered. In  all  probability  greater  efficiencies  can  be  obtained  in 
units  of  the  present  period  and  with  the  clauses  changed. 
Sample  Contract  for  Purchase  of  50,000-kva.  Turbine 

The  turbine  manufacturing  company  proposes  to  furnish  apparatus  as 
herein  described  subject  to  the  following  conditions  and  specifications. 

The  manufacturer  agrees  that  it  will  at  its  own  expense  defend  all  suits 
or  proceedings  instituted  against  the  purchaser  and  pay  any  award  of 
damages  assessed  against  the  purchaser  in  such  suits  or  proceedings,  in  so 
far  as  the  same  are  based  on  any  claim  that  the  said  apparatus  or  any  part 
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thereof  constitutes  an  infringement  of  any  patent  of  the  United  States, 
provided  the  purchaser  gives  to  the  company  immediate  notice  in  writing 
of  the  institution  of  the  suit  or  proceeding  and  permits  the  company  through 
its  counsel  to  defend  the  same  and  gives  the  company  all  needed  information, 
assistance  and  authority  to  enable  the  company  so  to  do.  In  case  such 
apparatus  is  in  such  suit  held  to  constitute  infringement  and  its  use  is 
enjoined  the  company,  if  unable  within  a  reasonable  time  to  secure  for  the 
purchaser  the  right  to  continue  using  said  apparatus,  by  suspension  of  this 
injunction,  by  procuring  for  the  purchaser  a  license  or  otherwise,  will,  at  its 
own  expense,  either  replace  such  apparatus  with  non-infringing  apparatus, 
or  modify  it  so  that  it  becomes  non-infringing,  or  remove  the  said  enjoined 
apparatus  and  refund  the  sums  paid  therefor. 


Fig.  113. 


-Interior  of  turbine  room  of  Richmond  station  of  the  Philadelphia 
Electric  Company  showing  a  50,000-kw.,  unit. 


The  company  warrants  the  apparatus  to  be  as  specified  herein  and 
agrees  to  correct  any  defects  in  the  apparatus  which  develop  under  normal 
and  proper  use  within  1  year  from  the  starting  thereof,  provided  the  pur- 
chaser gives  the  company  immediate  written  notice  of  such  defects.  The 
company  agrees  that  the  installation,  if  made  by  it,  shall  be  done  in  a 
thorough,  workman-like  manner.  The  company  shall  not  be  held  respon- 
sible for  work  done,  apparatus  furnished,  or  repairs  made  by  others. 

The  purchaser  agrees  to  care  properly  for  all  apparatus  and  material 
delivered  until  the  same  is  fully  paid  for,  and  to  hold  the  company  harmless 
against  the  payment  of  any  taxes  assessed  against  the  apparatus  and 
material  after  it  shall  have  been  shipped.  If  the  installation  is  made  by  the 
company,  the  purchaser  agrees  without  charge  to  furnish  for  the  company 
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all  necessary  storage,  rights  of  way,  permits  and  authority  for  the  installa- 
tion and  operation  of  the  apparatus  hereunder,  and  to  reimburse  the  com- 
pany for  any  loss  incurred  by  reason  of  delays  in  starting  the  apparatus  and 
completing  the  works  that  are  not  chargeable  to  the  company;  to  designate 
the  location  of  the  apparatus  herein  specified  before  the  work  is  begun,  to 
pay  extra  for  any  changes  made  in  location  after  same  has  been  placed,  and 
for  any  work  performed  or  apparatus  or  material  furnished  in  addition  to 
that  herein  specified,  and,  furthermore,  that  the  apparatus,  after  the  starting 
thereof,  shall  be  operated  by  the  purchaser.     The  apparatus  shall  l>e  con- 


FiG.  114. — Typical  arrangement  of  circulating  water  connection  to  a  condenser 
in  the  South  Meadow  station  of  the  Hartford  Electric  Light  Company. 

sidered  as  starting  when  first  put  in  operation.  The  company  shall  not  in 
any  event  be  held  responsible  or  liable  for  any  loss,  damage,  detention  or 
delay  caused  by  fire,  strikes,  civil  or  military  authority,  or  by  insurrection  or 
riot,  or  by  any  other  cause  beyond  its  control,  nor  in  any  event  for  conse- 
quential damages.  Receipt  of  the  apparatus  by  the  purchaser  shall  con- 
stitute a  waiver  of  any  claim  for  loss  or  damage  due  to  delay.  Apparatus 
shall  be  installed  by  and  at  expense  of  purchaser  unless  otherwise  expressly- 
stipulated. 

To  enable  the  company  to  proceed  with  the  construction  of  the  apparatus, 
the  purchaser  agrees  to  furnish  promptly  on  demand  by  the  company  all  the 
necessary  information  as  to  details  to  be  determined  by  the  purchaser  and 
that  there  will  be  no  delay  by  the  purchaser  in  the  doing  of  any  act  required 
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for  the  performance  of  this  agreement.  In  case  of  delay  caused  by  the 
purchaser,  shipment  shall  be  extended  for  a  reasonable  time  based  on  period 
of  purchaser's  delay  and  conditions  at  the  factories  which  supply  the 
company. 

It  is  agreed  that  the  apparatus  herein  specified  shall  be  delivered  by  the 
company  at  place  of  manufacture,  and  that  it  is  at  the  risk  of  the  purchaser 
after  its  delivery  on  board  cars  at  point  of  shipment,  unless  other  delivery 
is  expressly  stipulated. 

It  is  agreed  that  the  company  shall  insure  said  apparatus  sold  hereunder 
against  damage  or  loss  by  fire  for  its  full  selling  price,  as  stated,  for  the 


0.4         0.5         0.&  0.1 

Fractional  Load  on  Machines 

Fig.  115. — Performance  of  large  turbine  under  variable  test  conditions. 

benefit  of  itself  and  the  purchaser,  as  their  interests  may  appear  until,  but 
not  after,  under  the  contract  the  title  to  the  apparatus  shall  have  passed  to 
the  purchaser  hereunder;  and  the  purchaser  agrees  to  pay  the  company  for 
premium  for  such  insurance  one-fourth  of  1  per  cent  on  the  total  amount 
insured  for  each  3  months  or  fraction  thereof  after  the  delivery  of  said 
apparatus  on  board  cars  at  point  of  shipment. 

Specifications. — This  proposal  includes  one  steam-turbine  generating  unit, 
45,000-kw.  continuous  capacity. 

Rating 


Cycle 


Number 

of 
phases 


Type 


Rated  kilo- 
watts 
capacity 
at  90  per 
cent  power 
factor 


Revolu- 
tions per 
minute 


Amperes, 
per  phase 
at  90  per 
cent  power 
factor 


Excita- 
tion at 
250  volts 


60 


45,000 


1,200 


12,200 


2,370 


175  kw. 


The  generator  has  a  continuous  output  of  50,000  kva.  or  an  actual  energy 
output  of  45,000  kw.  at  90  per  cent  power  factor. 
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Fig.   116.- 


-Floor  plan  of  main  units  and   auxiliaries  of  the  Trenton  Channel 
station  of  the  Detroit  Edison  Company. 
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The  maximum  temperature  of  the  generator  armature  at  50,000-kva. 
load  and  90  per  cent  power  factor  will  not  exceed  100°C.  provided  the 
temperature  of  cooling  air  entering  the  generator  does  not  exceed  40°C. 
The  maximum  total  temperature  of  the  revolving  field,  under  the  foregoing 
condition,  will  not  exceed  135°C.  The  methods  of  determining  tempera- 
tures, and  the  correction  factors  employed,  are  in  accordance  with  the 
Standardization  Rules  of  the  A.I.E.E. 

The  armature  will  be  subjected  to  an  insulation  test  of  23,000  volts,  and 
the  field  will  be  subjected  to  an  insulation  test  of  2,500  volts  at  the  factory 
before  shipment.  The  insulation  tests  will  be  made  by  applying  an  alter- 
nating current  between  the  windings  and  cores  for  one  (1)  minute. 

The  generator  will  be  provided  with  suitable  intake  through  which  air 
will  be  drawn  and  forced  through  the  laminations  of  the  stator,  and  out 
through  opening  provided  for  the  purpose.  The  arrangement  of  the  station 
must  be  such  that  the  generator  will  have  an  ample  supply  of  cool,  clear  air. 
If  air  is  supplied  through  a  duct,  such  duct  shall  be  designed  to  provide 
approximately  85,000  cu.  ft.  of  air  per  minute  for  each  machine. 

The  steam  consumption  in  pounds  per  kilowatt-hour  under  conditions 
stated  will  be  not  more  than  the  following : 

Kilowatt  Steam  pressure  at  throttle  (gage) 225  lb. 

Output  of  Steam  quality  at  throttle  (superheat) 225°F. 

Generator  Back  pressure  in  exhaust  chamber  of  turbine 

not  more  than  0.1 (inches  absolute) 

20,000  11.5 

30,000  10.85 

35,000  10.85 

45,000  10.95 

Steam  consumption  guarantees  cover  all  leakages  and  losses  in  the  turbine 
and  generator,  including  energy  required  in  the  field  rheostat  for  excitation, 
and  power  required  for  ventilation. 

Approximate  Dimensions  Approximate  Weigh 

Length  overall. .    05  ft.  (over  exciter)     Net 1 ,  000 ,  000  lb. 

Width 22  ft.  Shipping 1,000,000  lb. 

Height 17  ft. 

Shipment  to  be  as  follows:  Twelve  to  thirteen  (12  to  13)  months  from 
receipt  of  order  and  complete  information  at  the  factory.  The  purchaser 
will  provide  the  company  with  all  necessary  information  regarding  local 
condition  affecting  the  design  and  line-up  of  the  apparatus,  and  the  ship- 
ment specified  is  contingent  upon  the  prompt  furnishing  of  such  informa- 
tion. The  company  will  pay  all  transportation  charges  on  the  apparatus 
covered  by  this  proposal,  from  the  point  of  shipment  to  within  reach  of 
crane  in  purchaser's  power  house. 

The  turbine  and  generator  connected  herewith  will  operate  at  rated 
capacity  without  undue  noise  or  vibration.  The  variation  in  speed  will  not 
exceed  2  per  cent  for  a  change  in  load  of  one-half  the  rated  load. 
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The  company  will  furnish  a  competent  foreman  and  all  common  labor 
necessary  for  installing,  starting  and  placing  in  good  operating  condition 
the  turbines  covered  by  this  proposal  on  foundation  in  purchaser's  power 
house.  The  purchaser  will  provide:  (1)  a  suitable  crane,  with  operator  and 
power,  capable  of  handling  the  heaviest  piece;  (2)  oil,  supplies,  station  oper- 
ating force  and  steam,  for  starting  and  preliminary  runs;  (3)  the  necessary 
openings  in  the  power  house  walls  and  further  unobstructed  access  to  foun- 
dations; (4)  any  runways,  timber,  blocking,  etc.,  which  may  be  necessary 
for  the  erection  of  the  machine,  or  the  reinforcement  of  weak  floors  ol"  other 


Fig. 


117. — Two    turbo-generators    in    operation    showing    island    construction 
Montvale  station  of  Eastern  Connecticut  Power  Company. 


modifications  of  the  purchaser's  buildings  or  premises,  as  are  necessary  in 
erecting  the  apparatus  covered  by  this  contract;  and  will  bring  steam  to  the 
turbine  and  take  steam  from  the  exhaust  opening. 

The  proposal  includes  throttle  valve  and  screen  in  high-pressure  steam 
pipe,  speed  indicator,  steam  gages,  vacuum  gage,  oil-pressure  gage,  complete 
set  of  wrenches,  speed-regulating  governor,  emergency  stop  and  a  suitable 
field  rheostat  for  the  generator.  For  supplying  oil  to  the  bearings  and  valve 
gear,  the  company  will  furnish  a  pump,  geared  to  the  turbine  shaft. 

Unless  otherwise  stated,  this  proposal  does  not  include  steam-generating 
apparatus,  condensers,  pumps  (air,  circulating  or  feed  pumps),  exciter, 
switchboard  equipment  or  electric  instruments,  automatic  relief  valve  con- 
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necting  turbine  to  atmospheric  exhaust,  wiring  or  piping,  other  than  that 
which  is  supported  by  and  forms  a  part  of  the  turbine  structure. 

Should  tests  be  made  to  determine  whether  the  performance  of  the  turbine 
is  in  accordance  with  these  specifications,  such  tests  will  be  made  at  the 
expense  and  under  the  direction  of  the  purchaser,  and  within  three  (3) 
months  from  the  date  of  starting  the  apparatus.  The  conditions  of  test, 
instruments  to  he  used,  etc.,  will  be  mutually  agreed  upon,  and  the  company 


Fig.  118. — Westport  station  of  the  Consolidated  Gas,  Electric  Light  and 
Power  Company  of  Baltimore.  Note  stage  bleeding  and  feed-water  heaters 
and  the  use  of  low  voltage  for  auxiliary  control. 


shall  have  the  privilege  of  being  represented  at  such  tests.  The  company 
reserves  the  right  upon  the  notice  from  the  purchaser  to  inspect  the  turbine 
prior  to  tests,  to  determine  whether  it  is  in  normal  condition.  Foundations 
with  foundation  bolts  are  to  be  furnished  by  the  purchaser. 

In  case  of  failure  of  the  company  for  any  reason  to  fulfil  its  guarantee,  it 
is  agreed  that  the  company  may  remove  and  reclaim  said  apparatus  at  its 
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o\vT.  expense,  and  repay  the  purchaser  in  full  of  all  liability  hereunder  any 
sums  which  may  have  been  paid  by  the  purchaser  on  account  of  the  pur- 
chase price  herein  named. 

An  extra  charge  will  be  made  for  iron  oil  barrels,  carboys  and  wooden 
reels  if  used  in  shipping,  but  full  credit  will  be  given  when  returned  to  the 
factory  or  other  point  as  may  be  designated  by  the  company,  in  good  con- 
dition, freight  prepaid. 


Price . 


Payable  as  follows: 

50  per  cent  cash,  payable  on  receipt  of  bill  of  lading 

50  per  cent  upon  completion  and  starting. 

Pro  rata  payments  shall  be  made  as  shipments  are  made.  In  case  ship- 
ments shall  be  delayed  by  the  purchaser,  invoices  shall  be  rendered  for 
material  which  the  company  is  prepared  to  ship  and  payment  shall  be  made 
in  accordance  with  the  above  terms,  such  payments  to  date  from  date  of  such 
invoices;  and  in  case  the  work  shall  be  delayed  by  the  purchaser,  progress 
payments  shall  be  made  based  on  the  contract  price  and  per  cent  of  com- 
pletion in  accordance  with  the  above  terms,  such  payments  to  date  from 
date  of  invoice.  It  is  agreed,  however,  that  such  payments  shall  be  con- 
sidered as  advance  payments  only,  and  shall  not  discharge  the  purchaser 
from  the  obligations  of  this  contract. 

The  title  and  the  right  of  possession  of  the  apparatus  and  material  herein 
sold  shall  remain  with  the  company  and  such  apparatus  and  material  shall 
remain  personal  property  until  all  payments  hereunder  (including  deferred 
payments  whether  evidenced  by  notes  or  otherwise)  shall  have  been  made 
in  full  in  cash  and  the  purchaser  agrees  to  do  all  acts  necessary  to  perfect 
and  maintain  such  right  and  title  in  the  company. 

A  copy  of  the  specifications  for  turbine  generators  for  the  city 
of  Detroit^  contains  some  information  of  interest  as  to  data  on 
several  turbine  units  and  the  forms  used  in  competitive  bidding. 

Extent  of  Work. — The  following  work  is  not  to  be  included  as  a  part  of 
that  covered  by  these  specifications : 

1.  Foundations  and  supporting  structures. 

2.  External  piping  connections  not  a  part  of  the  machines. 

3.  Condenser  with  connection  to  turbine  exhaust. 

4.  Oil  filters  and  purifiers. 

5.  Air  ducts,  washers  and  filters  for  air  supply  to  generator. 

All  other  work,  including  all  labor,  materials,  equipment  and  accessories 
further  mentioned  or  necessary  for  constructing  and  installing  the  turbine- 
generator  units  hereinafter  specified  shall  be  done  as  a  part  of  the  work 
covered  by  these  specifications. 

Number  Required. — Three  or  four  units  shall  be  furnished  at  the  option 
of  the  commission. 

1  Power,  Vol.  58,  No.  22. 
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Capacity. — Each  unit  shall  have  a  normal  rated  capacity  of  20,000  kw. 
at  80  per  cent  power  factor. 

Description  of  Unit. — Each  unit  shall  consist  of  a  horizontal  steam  tur- 
bine direct  connected  to  an  alternating-current  generator  with  direct- 
connected  exciter. 

Turbines. — The  turbines  shall  be  designed  for  a  normal  steam  pressure 
at  the  throttle  of  315  lb.  per  square  inch  absolute,  200°F.  of  superheat  and 
an  absolute  back  pressure  of  l^o  in.  of  mercury.  Under  these  conditions 
they  shall  operate  at  maximiun  economy  with  a  steam  consumption, not 
exceeding  10.5  lb.  per  kilowatt-hour  when  the  load  on  each  generator  is 
approximately  17,000  kw.  at  SO  per  cent  power  factor. 
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Fig.  119. — Turbine  room  i: 


the  Union  Electric  Light 


and  Power  Company,  St.  Louis. 


Each  turbine  shall  be  capable,  by  governor  control  only,  of  driving  the 
generator  when  the  load  is  25.000  kw.  at  imity  power  factor  with  steam 
pressure,  superheat  and  back  pressure  as  stated  above. 

Each  turbine  shall  be  pro^-ided  with  extraction  nozzles  located,  in  so  far 
as  limitations  of  design  and  construction  will  permit,  to  supply  steam  in 
such  quantities  and  at  such  pressures  as  may  be  required  to  maintain  the 
heat  balance  of  the  plant.  The  following  is  an  approximation  of  these 
requirements : 
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Nozzle  No. 

Absolute  pressure, 
pounds  per  square  inch 

Steam  bled, 
pounds  per  hour 

1 
2 
3 

170 

34 

4 

13,000 
10,000 
11,000 

All  parts  of  the  turbines  subject  to  contact  with  steam  having  a  tempera- 
ture above  500°F.  shall  be  of  steel  or  other  high-temperature  steam-resisting 
material.  The  turbines  shall  be  capable  of  withstanding  an  initial  steam 
pressure  of  365  lb.  per  square  inch  absolute  and  a  total  temperature  of  700°F. 
without  injury  to  any  of  their  parts. 

Generators. — The  generators  shall  be  three-phase,  60-cycle,  13,200-volt, 
star-connected  machines.  They  shall  be  wound  for  excitation  at  240  volts 
at  maximum  load.  All  leads  shall  be  brought  to  the  outside  of  the  machines 
to  permit  applying  differential  protection. 

Rotor  fans  shall  be  capable  within  limitations  of  design  of  producing 
sufficient  static  pressure  to  circulate  the  air  supplied  to  the  generators 
through  the  duct  system. 

Accessories. — Each  unit  shall  be  provided  with  throttle  valve,  generator 
and  exciter  field  rheostats,  vibration  tachometer  and  generator  temperature 
indicators. 

Rheostats  shall  be  equipped  with  125-volt  direct-current  motor-operating 
devices.  Exciter  field  rheostats  shall  be  of  sufficient  capacity  to  reduce  the 
voltage  80  per  cent  below  normal. 

One  set  of  wrenches  and  special  tools  required  by  peculiarities  of  design 
shall  be  furnished. 

Delivery  and  Erection. — The  units  shall  be  delivered  and  completely 
erected  ready  for  external  piping  and  electrical  connections. 

Proposal  Form  to  Be  Copied  by  Bidder 

(Date) 192 

(Name  of  Bidder) 


Original  or  Duplicate   Proposal  for  Turbine-generator  Units  to 
THE  Public  Lighting  Commission  of  the  City  of  Detroit 

I.  The  undersigned  proposes  and  agrees  to  contract  with  the  Public  Light- 
ing Commission  of  the  City  of  Detroit,  in  the  form  of  contract  accompanying 
the  specifications,  to  furnish  all  the  labor,  materials  and  equipment,  and 
perform  all  the  work  called  for  by  the  specifications  and  drawings  which 
they  mention,  prepared  by  Smith,  Hinchman  &  Grylls,  800  Marquette 
Building,  Detroit,  Mich.,  entitled:  "Specifications  for  Machinery  and 
Equipment"  for  Morrell  Street  Plant  of  the  Public  Lighting  Commission  of 
the  City  of  Detroit,  Section  E,  "Specifications  for  Turbine-generator 
Units,"  and  agrees  to  accept  as  payment  therefor  the  sum  of 

$ for  three  units; 

$ for  four  units. 


TURBINES  AND  TURBINE  AUXILIARIES  205 

II.  The  undersigned  further  proposes  that  the  execution  of  his  work  and 
the  character  and  performance  of  the  completed  work  will  conform  to  the 
following,  and  guarantees  that  the  deviation  therefrom  will  not  exceed  the 
tolerances  which  he  has  stated: 

Per  Cent 
Tolerance 

1.  Time  within  which  complete  shipment  will  be 

made  after  entering  into  contract,  weeks 

2.  Time  within  which  erection  will  be  completed                                  *■ 
after  making  shipment,  weeks 

3.  Net  weight  of  turbine,  pounds 

4.  Net  weight  of  generator,  pounds 

5.  Net  weight  of  complete  unit,  pounds 

6.  Steam  consumption  of  unit  without  extraction  in 
pounds  per  kilowatt-hour  with  300  lb.  per  square 
inch,  200°F.  superheat,  at  throttle  and  1-in. 
absolute  back  pressure  when  generator  output  at 
0.8  power  factor  is: 

10,000  kw 

15,000  kw 

kw.  (most  economical) 


20,000  kw 

(Submit  curves  based  on  0.6-,  1.0-  and  1.5-in. 
back  pressure.) 

7.  Load  that  unit  will  carry  when  steam  at  throttle 
drops  to  250  lb.  per  square  inch,  150°F.  super- 
heat and  back  pressure  to  1}4  in.  absolute,  kilo- 
watt at  0.8  power  factor 

8.  Maximum  tip  speed  of  blading,  feet  per  second . 

9.  Maximum  stresses  in  disks  at  normal  speed, 
pounds  per  square  inch 

10.  Temperature  rise  of  bearings  with  unit  in  con- 
tinuous operation,  degrees  Fahrenheit 

11.  Oil-holding  capacity  of  oiling  system,  gallons.  .  . 

12.  Oil  circulated,  gallons  per  minute 

13.  Speed  regulation  of  turbine,  no  load  to  full  load, 
per  cent 

14.  Generator  temperature  (degrees  Centigrade)  in- 
cluding "conventional  allowance"  with  25,000- 
kva.  continuous  load  and  40°C.  inlet  air: 

Stator  (method ) 

Rotor  (method ) 

15.  Voltage  regulation  of  generator  no  load  to  full 
load  at  0.8  power  factor,  per  cent 

16.  Power  required  for  excitation  at  following  loads, 
kilowatt : 

20,000  kw.  at  0.8  power  factor 

25,000  kw.  at  1.0  power  factor 
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Per  Cent 
Tolerance 


17.  Rated  capacity  of  exciter,  kilowatt 

18.  Air  required  by  generator,  cubic  feet  per  minute     

19.  Inherent  reactance  of  generators,  per  cent 

20.  List  of  spare  parts  and  number  which  bidder 
recommends  to  be  carried  and  price  of  each  at 
which  he  will  furnish  and  deliver  them  with  the 
turbine  units : 

Name  of  Part  Number  Price 


III.  If  this  proposal  shall  be  accepted  by  the  Public  Lighting  Commission 
and  the  undersigned  shall  fail  to  contract  as  aforesaid  and  to  furnish  the 
required  bonds  within  10  daj^s,  not  including  Sundays,  from  date  of  serving 
written  notice  from  the  engineer  that  the  contract  is  ready  for  signature, 
then  the  undersigned  shall  be  considered  to  have  abandoned  the  contract, 
and  the  certified  check  accompanying  this  proposal,  for  the  sum  required 
by  the  notice  to  bidders,  shall  become  the  property  of  the  Public  Lighting 
Commission.  If  the  undersigned  enters  into  the  contract  in  accordance  with 
this  proposal,  or  if  his  proposal  is  rejected,  then  the  accompanying  check 
shall  be  returned  to  the  undersigned. 

IV.  Signed  and  sealed  this day  of 192 

Present  Trends. — The  desire  of  turbine  manufacturers  at 
present  is  to  produce  very  large,  reliable  and  highly  economical 
turbo-generators  at  a  minimum  cost.  Increase  in  size  of  units  is 
necessary  to  serve  the  loads  that  now  exist  and  the  recent  purchase 
of  a  208,000  kva.  unit  by  the  State  Line  Generating  Company 
of  Chicago  marks  the  largest  unit  on  order.  Plans  have  been 
made  for  still  larger  units  and  there  seems  to  be  no  definite 
limitation  in  size.  The  larger  the  unit  the  less  the  total  power 
station  cost  per  unit  of  capacity  within  limits  and  the  less  the 
cost  of  the  turbo-generator  per  unit  of  capacity. 

To  secure  high  economy  in  turbines,  pressure  compounding 
must  be  used  and  an  appropriate  ratio  of  mean  blade  velocity  to 
steam  jet  velocity  must  be  maintained.  Since  the  thermal 
efficiency  depends  on  the  temperature  range,  a  large  pressure 
range  must  be  used  and  the  expansion  ratio  in  modern  units  is  of 
the  order  of  1,500  to  1  with  a  temperature  range  of  about  675°. 

If  the  steam  velocity  is  increased,  the  number  of  stages  is 
decreased  but  the  advantages  of  a  large  pressure  range  are  lost  and 
the  efficiency  of  conversion  of  the  steam  energy  into  mechanical 
work  in  the  nozzles  and  blading  is  decreased  as  the  velocity  is 
decreased.  Also  the  stage  efficiency  of  a  turbine  operating  with 
saturated  steam  is  less  than  that  of  one  operating  with  super- 
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heated  steam  so  the  effect  of  moisture  and  temperature  on  pres- 
sure compounding  must  be  measured  against  the  advantages  of 
low  steam  velocity.  Designers  and  builders  are  securing  equally- 
good  thermal  results  from  the  impulse  and  reaction  types  of 
turbine  by  careful  design  to  care  for  conditions. 

The  thermal  value  of  the  heat  in  the  steam  used  in  a  turbine  is 
increased  by  using  extraction  steam  from  successive  stages,  thus 
increasing  the  mean  temperature  of  heat  reception.  The 
extracted  steam  has  been  expanded  while  doing  work  in  the  main 
turbine  until  its  temperature  has  dropped  to  a  value  desired  for 
feed-water  heating.     The  work  obtained  from  the  extracted  steam 


fWl^'^I 


Fig.  121. — Floor  plan  of  the  first  section  of  the  Cahokia  station  of  the  Union 
Electric  Light  and  Power  Company,  St.  Louis. 

is  done  at  the  expense  of  additional  heat  equal  to  the  work  done 
or  at  100  per  cent  efficiency.  The  objection  to  this  practice  is 
that  the  piping  is  increased  and  becomes  compHcated  if  a  suffi- 
cient number  of  extraction  points  and  corresponding  feed-water 
heaters  are  used  to  approximate  the  thermo-dynamically  rever- 
sible process,  but  even  with  two  to  four  extraction  points  very 
considerable  economies  are  obtained.  A  second  development  is 
to  reheat  the  steam  during  the  pressure  compounding  process. 
This  involves  the  use  of  multiple-cylinder  turbines  and  some  form 
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of  reheater.  The  reheater  may  be  a  separately  fired  reheater  or 
one  that  utihzes  superheated  steam  from  the  boiler.  The  thermal 
advantages  of  this  practice  are  not  great,  but  the  mechanical 
features  of  operation  are  improved  because  of  the  better  conver- 
sion ratio  obtained  with  high-temperature  steam.  But  the 
complication  and  cost  of  reheating  are  severe  handicaps  to  its 
general  adoption  for  small  units. 

The  designers  of  turbines  attempt  to  fix  the  velocity  rafio  in 
successive  stages,  as  this  determines  the  efficiency.  The  areas 
of  blade  passages  increase  in  the  stages  to  maintain  a  proper  ratio 
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Fig.    122. — Circulating   water   arrangement   for   the    Richmond   station   of    the 
Philadelphia  Electric  Company. 

between  blade  velocity  and  steam  velocity  and  the  axial  compo- 
nent of  the  steam  is  carried  without  appreciable  loss  to  the 
exhaust.  Here  an  unavoidable  loss  is  encountered,  since  with  the 
low  pressures  and  the  high  peripheral  speeds  in  the  last  stages  an 
exhaust  blade  area  for  the  proper  velocity  ratio  gives  an  energy 
loss  in  the  exhaust  steam  which  is  appreciable.  Thus  the  exhaust 
end  of  a  turbine  received  separate  design  treatment  to  limit  the 
leaving  loss  or  the  energy  loss  in  the  issuing  steam. 

One  method  is  to  use  divided  flow,  the  steam  entering  at  the 
middle  of  a  low-pressure  cylinder  and  flowing  in  each  direction  to 
the  exhaust.  This  requires  two  exhaust  pipes  and  often  two 
condensers.     Another  method  is  to  use  divided  flow  for  only 
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the  last  row  or  few  rows  of  blades,  special  passages  conducting  the 
steam  to  the  divided-flow  blades  from  the  preceding  stages.  The 
exhaust  end  of  the  Baumann  type  causes  the  steam  to  flow 
through  inner  annuli  of  preceding  blade  rings  whose  vanes  have 
been  shaped  to  reduce  resistance  to  a  minimum.  This  avoids  the 
use  of  special  passages.  Still  other  designs  increase  the  blade 
height  by  making  the  blades  of  the  last  stages  of  varying  section 
and  discharge  angle  to  secure  a  greater  length  ratio.  The  use  of 
a  separate  low-speed  turbine  of  large  diameter  for  the  final 
stages  of  expansion  is  a  simple  solution  to  the  exhaust-loss 
problem  if  no  limitation  is  placed  on  the  diameter  of  the  exhaust 
end  or  upon  the  speed. 


Heafer  drains 


H.PDHps 


Fig.   123.- 


-Auxiliary  arrangements  in   Richmond  station  of  the  Philadelphi 
Electric  Company. 


Lubrication. — Turbine  lubrication  is  a  very  important  con- 
sideration and  the  N.E.L.A.  Prime  Movers  Committee  in  1921 
proposed  a  specification  for  lubricants  as  follows: 

General. — 1.  This  specification  covers  the  grades  of  petroleum  oil  intended 
for  use  in  the  lubrication  of  horizontal  steam  turbines  provided  with  a 
circulating  and  forced-feed  system. 

2.  The  oil  shall  be  a  pure  petroleum  product,  properly  refined  to  make  it 
suitable  in  every  way  for  the  uses  hereinbefore  specified;  it  shall  be  new  oil 
made  without  the  admixture  of  any  fatty  oils,  resins,  soaps  or  any  other 
compounds  not  derived  from  crude  petroleum. 

3.  These  oils  shall  be  supplied  in  three  grades,  known  as  Extra  Light, 
Light  and  Medium.  Except  where  otherwise  noted,  the  same  specifica- 
tions apply  to  all  three  grades. 

Properties  and  Tests. — 4.  All  tests  shall  be  made  in  accordance  with  the 
methods  for  test  lubricants  adopted  by  the  Committee  on  Standardization 
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of  Petroleum  Specifications,  published  in  Bulletin  5,  by  the  U.  S.  Bureau  of 
Mines,  effective  Dec.  29,  1920,  except  as  hereinafter  described  under 
"Methods  of  Testing." 

5.  Flash  and  Fire  Points. — The  flash  and  fire  points,  open  cup,  shall  have 
the  following  minimum  values: 


Grade 


Fire, 

degi>ees 

Fahrenheit 


Extra  Light 

Light 

Medium . . . 


355 
365 
380 


6.   Viscosity. — The  viscosity,  in  seconds,  Saybolt  Universal,  shall  be  as 
follows: 


Grade 


Limits  at 
100°F. 


Minimum  at 
210°F. 


Extra  Light 

Light 

Medium .  .  .  . 


140-160 
175-210 
250-310 


7.  Color. — All  oils  covered  by  these  specifications  shall  be  perfectly  limpid 
and  transparent  when  examined  at  77°F.  in  a  layer  1^  in.  thick. 

8.  Pour  Test. — The  maximum  pour  test  shall  be  40°F. 

9.  Acidity. — Oils  shall  be  absolutely  free  from  mineral  acid,  and  the 
organic  acidity,  expressed  as  the  amount  of  potassium  hydroxide  required 
to  neutralize  1  gram  of  the  oil,  shall  not  exceed  0.07  mg. 

10.  Waters  Carbonization. — Carbonization  shall  not  be  greater  than  the 
following  values : 

Grade  Per  Cent 

Extra  Light 0 .  50 

Light 0 .  30 

Medium 0.20 


11.  Corrosion. — A  strip  of  polished  copper  immersed  for  5  hr.  in  a  sample 
of  the  oil  kept  in  a  bath  of  boiling  water  shall  show  no  more  than  a  faint  dis- 
coloration for  the  depth  to  which  it  was  immersed. 

12.  Emulsifying  Properties. — WTien  emulsified  by  the  standard  method 
of  agitation,  the  rate  of  separation  of  the  oil  from  the  emulsion  shall  not  be 
lower  than  shown  in  the  following  table : 
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Emulsifying  liquid 

Grade 

Distilled  water 
(demulsibility) 

3  per  cent  salt 
solution 

1  per  cent 
NaOH  solution 

Extra  Light 

600 
400 
300 

600 
400 
300 

40 

Light 

40 

Medium 

40 

13.  Distillation. — When  submitted  to  a  fractional  distillation  test,  at  an 
absolute  pressure  of  L5  to  5.0  mm.  Hg,  the  lowest  permissible  initial  boiling 
point,  and  the  maximum  per  cent  distillate,  by  volume,  when  distillation  is 
carried  to  a  temperature  of  225°C.  (437°F.),  shall  be  as  given  in  the  following 
table : 


Grade 


Per  cent 
distillate 


Initial 
boiling  point 


Extra  Light 

Light 

Medium ... 


175°C.  (347°r.) 
185°C.  (365°F.) 
200°C.  (392°F.) 


Methods  of  Testing.  Waters  Carbonization. — This  test  shall  be  made  as 
directed  in  Circular  99  of  the  U.  S.  Bureau  of  Standards. 

Corrosion  Test. — Strips  of  No.  10  gage  polished  copper  about  10  mm.  wide 
and  125  mm.  long  are  heated  to  a  dull  redness  and  inserted  in  a  test-tube 
containing  a  few  cubic  centimeters  of  methanol  or  alcohol  until  cool,  and  then 
polished  thoroughly  with  very  fine  sand  paper. 

Pour  100  c.c.  of  the  oil  to  be  tested  into  a  4-oz.  sample  bottle;  insert  the 
end  of  the  copper  strip  into  a  split  cork  and  push  the  cork  firmly  into  the 
mouth  of  the  bottle;  place  the  bottle  in  the  water  bath  so  that  the  shoulder 
is  just  above  the  perforated  cover;  maintain  the  bath  at  the  boiling  point  of 
water  for  5  hr.  without  disturbing  the  bottle.  It  is  preferable  to  carry 
out  the  test  on  each  oil  in  duplicate.  The  number  of  tests  which  can  be 
run  at  one  time  is  limited  only  by  the  capacity  of  the  bath. 

Interpretation. — Darkening  of  the  copper  on  the  submerged  surface  indi- 
cates corrosion  due  to  sulphur  or  a  corrosive  sulphur  compound. 

Diminution  of  the  polish  or  the  appearance  of  a  dull  reddish  color  on  the 
submerged  surface  of  the  copper  indicates  corrosion  due  to  acids  or  acid 
compounds.     In  extreme  cases,  some  pitting  of  the  surface  may  be  observed. 

Darkening  or  corrosion  of  the  emergent  surface  indicates  formation  of 
vapors  containing  acid  or  sulphur  compounds. 

High-grade  oils  should  leave  on  the  copper  no  more  than  the  faintest 
indication  of  the  depth  to  which  it  was  immersed. 

Emulsifying  Properties. — This  test  shall  be  made  as  directed  in  Techno- 
logic Paper  86,  U.  S.  Bureau  of  Standards,  when  distilled  water  is  used. 
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In  the  other  two  tests,  20  c.c.  of  oil  shall  be  emulsified  with  40  c.c.  of  the 
emulsifying  solution  and  in  other  respects  the  tests  shall  be  carried  out 
exactly  as  in  the  test  for  demulsibility. 

Distillation  Test. — The  apparatus  and  method  of  operation  shall  be  simi- 
lar to  that  in  use  at  the  U.  S.  Bureau  of  Standards,  which  is  described  as 
follows : 

"The  apparatus  consists  of  a  steel  still  having  a  23-^-liter  capacity.  The 
still  head  is  connected  with  a  vertical  water-jacketed  condenser  which,  in 
turn,  leads  to  a  receiver  holding  the  graduated  bottle  or  bottles.     The  whole 
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Temperaiure  Difference  bef ween 
Ou-ilef  Wafer  and  Turbine  Exhau&+ 

FiG.  124. — Operating  results  with  large  jet  condenser. 
Considerable  data  have  been  collected  on  the  practical  operating  results  with  large  jet 
condensers  applied  to  turbines  of  10,000  kw.  or  larger.  The  plot  is  made  from  some  300 
readings  showing  terminal  temperature  differences  between  turbine  exhaust  and  outlet 
water  plotted  against  temperature  of  inlet  water  for  readings  of  three-fourths  to  full  load. 
The  condensers  upon  which  data  were  obtained  operate  in  connection  with  the  following 
turbines:  three  of  10,000-kw.  capacity;  four  of  12,500-kw.;  four  of  20,000-kw.;  and  two  of 
45,000-kw.  While  there  were  great  variations  in  some  of  the  data  submitted,  the  great 
majority  of  readings  fell  within  the  shaded  area  shown.  Insufficient  data  were  furnished 
for  plotting  loads  other  than  three-fourths  to  full.  {N.E.L.A.  Prime  Movers  Committee, 
1923.) 
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system  is  connected  with  a  pump  capable  of  maintaining  a  vacuum  of  1.5 
to  5.0  mm.  of  mercury,  absolute  pressure.  For  recording  the  pressure,  a 
manometer  is  placed  between  the  pvunp  and  the  receiver.  The  tempera- 
ture of  the  oil  in  the  still  is  measured  by  a  standardized  thermometer. 
Violent  boiling  or  bumping  occurs  in  distillation  under  reduced  pressure. 
At  times,  this  bumping  becomes  so  violent  that  unless  special  precautions 
are  taken  to  prevent  it,  oil  is  carried  over  into  the  condenser,  thus  con- 
taminating the  distillate.  This  can  be  overcome  by  using  conical  screens 
attached  to  a  steel  rod  suspended  in  the  still  head,  and  a  steel  baffle  plate 
attached  to  the  bottom  of  the  still  head. 
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"TIk!  still  is  (;li;un<'(l  wiUi  llic  oil  under  examination.  Great  care  must 
!)(•  i;\kn\  to  liav(!  all  (tonncictioiis  and  joints  air  tight  to  prevent  oxidation 
of  tli<;  oil,  due  to  h^akage.  The  putnp  is  then  started,  and  when  the  mano- 
itiet(T  iiidi(rat(!S  th(!  d(!sired  pressun;,  the  heat  is  applied.  A  ring  type  gas 
burner  is  uhcmI  whieh  is  s(;t  low  so  that  no  fire  touches  the  still  bottom,  thus 
nr(!venting  localized  heating  and  consequent  coking  and  cracking.  When 
the  first  drop  of  distillate  comes  over,  the  temperature  is  read  and  recorded 
as  the  initial  boiling  point.     The  rate  of  distillation  is  easily  controlled. 
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"It  was  found  that  cracking  occurs  if  distillation  is  carried  above  :}0()°('. 
(r)72°F.).  The  sanu^  per  cent  of  distillate  is  obtained  at  1.5  and  5.0  mm. 
pressure,  with  a  lowering  of  but  2°C.  in  the  boiling  point  at  1.5-mm. 
pressure." 

Condensers. — A  very  important  clement  in  the  economical 
operation  of  the  steam  units  is  the  vacuum  as  is  indicated  by 
Fig.   115.     (/irculating  water,  in  ample  (luantity,  clean  and  of 
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an  approximately  constant  tonipcraturo  is  almost  unknown,  and 
in  addition  the  load  on  the  units  may  vary.  Sununor  and  winter 
conditions,  the  cleanliness  of  the  circulating  water  and  the  chang- 
ing; loads  make  it  a  didicult  matter  to  control  vacuum  adequately. 
A  condeuser  and  circulating  water  supply  sullicicnt  to  care  for 
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the  worst  condition  in  sunnner  operation  ties  up  a  needless  amount 
of  cc^uipment  and  capital  under  winter  operating  conditions. 
The  use  of  duplicate  pum[)s,  variable-speed  pumps  and  parti- 
tions in  the  condenser  are  methods  used  to  better  the  operation 
under  these  conditions.     The  use  of  two  pumps,  one  operating  in 
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winter  and  both  in  summer  with  or  without  condenser  partitions, 
affords  a  simple  way  of  controlling  the  circulating  water  supply; 
the  use  of  two  pumps  with  variable-speed  drive  decreases  the 
reliability  of  the  supply  and  gives  difficulty  to  motor  designers 
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-Condensing  equipment  in  the  Hell  Gate  station  of  the  United  Electric 
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when  alternating-current  machines  are  used.  Tests  of  a  two- 
pump  constant-speed  installation  on  a  50,000-sq.  ft.  condenser 
having  a  partition  give  results  shown  in  Table  XXXII. 
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Table  XXXII. — Tests  for  Duplicate  Pumps  on  a  50,000-sq.  Ft.  Con- 
denser— Constant  Speed^ 


One 
pump 

Two 
pumps 

Pumps  operating  at  full  speed  suction  pipe  friction, 
feet  of  water .        . 

2.8 

1.8 
5.1 
1.5 

Negligible 

11.2 

45,800 

60.5 

220 

2  2 

Discharge  pipe  friction  to  condenser  entrance,  feet  of 

1.4 

16.3 

Condenser  discharge  pipe  friction,  feet  of  water 

Difference  between  suction  and  discharge  water  level, 
feet  of  water 

3.6 
0  3 

Total  head  overcome  by  pump,  feet  of  water 

Total  water  circulated,  gallons  per  minute 

23.8 
82,400 

78.5 

Power  input  to  pumps,  horsepower 

634 

'  N.E.L.A.,  Prime  Movers  Committee,  Report,  1923. 

Table  XXXIII  gives  the  estimated  performance  of  the  two 
pumps  on  the  same  condenser  if  equipped  for  variable-speed 
drive. 

Table  XXXIII. — Duplicate  Pumps  on  a  50,000-sq.  Ft.    Condenser — 
Variable  Speed' 


Two 
pumps 


Speed  of  pumps,  per  cent  of  maximum 

Suction  pipe  friction,  feet  of  water 

Discharge  pipe  friction  to  condenser  entrance,  feet  of 

water 

Condenser  friction,  feet  of  water 

Condenser  discharge  pipe  friction,  feet  of  water 

Difference  between  suction  and  discharge  water  level, 

feet  of  water 

Total  head  overcome  by  pumps,  feet  of  water 

Total  water  circulated,  gallons  per  minute 

Efficiency  of  pumps 

Power  input  to  pumps,  horsepower 


56 
0.6 

0.3 
5.0 
1.5 


7.4 

45,800 

78.5 

112.0 


Ibid. 


The  condensers  should  be  installed  to  get  the  full  siphon  effect 
of  the  discharge  and  should  have  no  tubes  higher  than  the  center 
line  of  the  high  point  of  the  siphon.     The  use  of  bleeding  to  a 


218 


ELECTRIC  POWER  STATIONS 


greater  extent  may  not  mean  less  condensing  surface,  as  the 
turbines  may  be  designed  to  utilize  vacuums  with  the  smaller 
weight  of  steam  and  the  vacuum  will  be  largely  influenced  by 
the  design  of  the  lower  turbine  stages.  Bleeding  raises  the  point 
at  which  the  limit  of  economy  due  to  high  vacuum  is  obtainable 
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Fig.  128. — Condensing  equipment  in  the  Colfax  station  of  the  Duquesne  Light 
Company,  Pittsburgh.      Units  3  and  4. 

for  a  given  machine  and  therefore  no  great  change  should  be 
expected  in  the  amount  of  cooling  surface  required  by  condensers. 
The  most  efficient  means  for  varying  the  quantity  of  circulat- 
ing water  on  either  a  one-  or  two-pump  installation  is  by  the  use 
of  variable-speed  driving  motors.  The  efficiency  is  about 
the  same  at  all  flow  rates  and  rehabihty  of  service  is  gained  on 
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a  two-pump  installation,  since  both  pumps  may  run  continuously 
from  two  independent  power  sources.  Also  the  total  pumping 
head  is  reduced  on  the  two-pump  installations  when  both  pump 
suction  and  discharge  pipes  are  utihzed. 

The  staggering  of  tubes  and  the  use  of  partitions  seem  to  be 
valuable  innovations  in  condenser  design  and  the  extent  to 
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which  tube  size  and  water  velocity  are  interlinked  with  power 
requirements  and  condenser  cleanliness  is  the  subject  of  a  great 
deal  of  study.  Graduated  tube  spacing  has  proved  good  in 
single-pass  and  two-pass  types,  and  this  practice  is  becoming 
increasingly  popular  for  large  installations. 

For  good  operation  no  condenser  tubes  should  be  higher  than 
the  center  line  of  the  high  point  of  the  siphon,  and  submerged- 
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tube  installations  decrease  rather  than  increase  operating  relia- 
bility. Rubber  expansion  joints  between  the  condenser  and  the 
turbine  exhaust  give  very  satisfactory  results.  The  effect  of 
bleeding  steam  from  the  turbine  for  feed-water  heating  may  or 
may  not  reduce  the  amount  of  condenser  surface  needed.  The 
turbine  may  be  designed  to  use  the  higher  vacuum,  or  other  local 
operating  conditions  will  affect  the  conclusions  to  be  made. 

The  heat  transfer  in  a  condenser  is  affected  by  the  weight  of 
steam  condensed  per  unit  of  time,  the  amount  of  air  leakage, 
the  inlet  circulating-water  temperature,  the  cleanliness  of  tubes, 
the  volume  and  velocity  of  the  circulating  water,  the  volume  of 
gases  removed  by  pumps  and  the  arrangement  of  tubes.  The 
most  active  element  in  limiting  heat  transfer  is  the  air  carried 
into  the  condenser,  which  although  very  small  in  comparison  to 
the  volume  of  steam,  is  very  effective  in  insulating  the  tubes. 
Every  precaution  should  be  used  to  keep  air  from  the  condenser 
and  to  remove  it  if  leakage  occurs.  The  whole  condenser  installa- 
tion is  a  vitally  important  unit  in  the  station  design  and  the 
use  of  proper  condenser  auxiliaries  is  imperative  for  securing 
reliable  operation  and  economical  fuel  consumption. 

Condenser  tubes  are  an  important  element  in  cost  and  per- 
formance and  a  tentative  specification  covering  Admiralty  tubes 
and  ferrule  stock  has  been  prepared  by  the  A.S.T.M.  and  covers 
the  following  requirements: 

Per  Cent 

Copper Minimum  70 

Tin Minimum  0. 90 

Lead Maximum  0 .  075 

Iron Maximum  0 .  06 

Zinc Remainder 

Grain  Size. — Maximum  0.045  mm.  with  an  average  of  0.015  to  0.035  mm. 
at  a  magnification  of  75  diameters. 

Hammer  Test. — Specimen  from  end  of  tube  flattened  until  gage  set  at 
three  times  metal  thickness  will  page  over  tube. 

Pin  Test. — A  pin  having  a  taper  of  1}^  in.  per  foot  driven  into  tube 
until  diameter  is  increased  16%  per  cent. 

Mercurous  Nitrate  Test. — Specified  by  developing  fracture 

Hydrostatic  Test. — One  thousand  pounds  per  square  inch. 

Dimension  Variations. — For  the  tubes  of  a  specified  thickness  of  0.035 
to  0.049  in.,  thickness  should  not  exceed  that  specified  by  more  than  0.005 
in.  and  for  tubes  of  a  thickness  of  0.065  to  0.083  in.,  thickness  not  to  exceed 
that  specified  by  more  than  0.007  in. 
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Weight. — Should  not  exceed  calculated  amount  by  more  than  5  per  cent. 

Length. — Should  not  be  less  but  may  be  3^16  in.  more  than  ordered  length 
at  70°F. 

Com'pression  and  Hardness  Test. — No  compression  test  or  hardness  test 
is  included  in  the  specification. 

The  entering  end  of  a  condenser  tube  usually  wears  out  first 
because  of  the  "  piping  "effect  of  the  water,  which  leaves  a  space  for 
corrosive  gases  to  gather.  Reversing  of  tubes  at  intervals'  the 
use  of  a  nozzle-shaped  liner  at  the  entrance  of  the  tubes  or  the 
use  of  paint  on  the  first  part  of  the  tubes  are  remedies  practiced. 


Fig.   130. — View  of  Cahokia  station  of  the  Union  Electric  Light  and  Power 
Company  of  St.  Louis. 

A  condenser  may  be  either  rigidly  connected  to  the  turbine 
casing  and  supported  on  springs,  or  rigidly  supported  and  con- 
nected to  the  turbine  casing  by  a  flexible  or  sliding  joint.  There 
are  at  present  three  classes  of  joints:  the  rubber  expansion  joint, 
the  sliding  joint  with  mercury  seal  and  the  packed  sliding  joint 
sealed  with  water. 

Rubber  expansion  joints  installed  on  circulating  pumps  are 
apt  to  give  trouble  unless  properly  supported.  If  subjected  to 
severe  vibration  and  to  varying  degrees  of  vacuum  and  pressure, 
as  brought  about  by  conditions  of  low  and  high  tide,  there  should 
be  a  metal  reinforcing  ring  on  the  inside  and  one  on  the  outside 
to  prevent  breathing  and  cracking.  For  the  same  reason  the 
rubber  connection  between  the  condenser  and  the  circulating 
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water  discharge  pipe  should  be  supported  and  braced  on  the  inside 
to  prevent  collapsing.  Also  the  rubber  connection  between  the 
condenser  and  the  free  exhaust  should  be  reinfored  in  order  to 
prevent  failure. 

Air  removal  from  the  condenser  is  accomplished  by  means  of  a 
rotary  dry  vacuum  pump,  a  steam  ejector,  a  hydraulic  vacuum 
pump  or  combinations  of  these  devices. 


Semaphore 

^-Recording  fhcrmomehr  ivifh  hijh 
and  low  tempcraiure  alarm 


■Lever  h  release  cafch  which 
holds  dampers  open 


■Tellfalt  pipe  indicafes  presence 
of  smoke   in  duct 


Fuses  melt  af  SOO'Fahr 
and  ring  gong 
Damper 

•Air  discharge  ducf 
.^  --Opening  ■h  permit  air  fo 
recirculate 


'VJashed  air/ 
inlet- 


Damper' 


.  '— /-Counterweigh* 
/     /  overbalances 
/      I     dampers  if  hen 
/       /    catch  is  released 


'y^—Air  discharge  duct 


Fig.  131. — Arrangement  of  ventilating  ducts,  fire-indicating  and  control  appa- 
ratus for  use  with  CO2.  Cahokia  station. 
Washed  air  for  generator  ventilation  enters  through  opening  in  left  foreground,  passes 
up  through  suction  chamber  which  surrounds  the  discharge  duct,  and  after  circulating 
through  generator  passes  down  through  discharge  duct  to  discharge  tunnel  in  right  fore- 
ground. There  being  a  constant  pressure  in  the  air  chamber,  the  presence  of  fire  will  be 
evidenced  by  smoke  issuing  from  the  telltale  pipe  at  left  of  control  stand.  High  tem- 
perature will  also  be  indicated  by  the  recording  thermometer,  which  operates  an  alarm 
bell.  Attached  to  this  alarm  are  also  fusible  links  set  to  fuse  at  300°  and  thereby  operate 
the  alarm.  After  assurance  that  a  fire  exists,  the  damper-closing  lever  on  control  stand  is 
operated,  allowing  counterweight  to  drop  and  close  dampers  in  discharge  duct.  Their 
position  is  indicated  by  a  semaphore.  The  operation  of  the  dampers  also  uncovers  an 
opening  between  discharge  duct  and  suction  duct,  permitting  recirculation  of  cooling  air. 
Immediately  upon  closure  of  dampers,  the  cam  shaft  operates  to  wedge  the  doors  against 
supporting  angles  and  thereby  prevent  air  leakage.  CO2  gas  is  then  admitted  to  the  closed 
ventilating  circuit  to  stifle  combustion,  by  operating  valve  in  CO2  supply  line. 

Which  of  the  methods  mentioned  is  the  most  economical 
depends  on  several  factors,  such  as  the  first  cost,  maintenance 
cost  and  the  amount  of  power  required  to  operate  them,  but  the 
steam- jet  ejector  is  most  commonly  used. 

To  give  an  idea  of  the  equipment  needed  for  a  condenser 
installation,  its  performance  and  a  form  of  specification  and  bid 
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used  on  power  house  bids  for  the  city  of  Detroit,  the  following 
material  from  Power^  is  recorded : 

Extent  of  Work. — The  following  work  is  not  to  be  included  as  a  part  of 
that  covered  by  these  specifications : 

1.  Foundations  and  supporting  steel  work. 

2.  All  motors  without  pulleys  or  couplings  delivered  to  contractor  f.o.b. 
cars  Detroit  or  at  his  receiving  point,  as  he  may  designate. 

3.  All  piping  except  that  hereinafter  specified. 

4.  All  starters,  controllers  and  electric  wiring  connections. 

5.  Atmosphere  relief  valves. 

6.  Main  condenser  tubes  and  ferrules  delivered  f.o.b.  cars  at  plant. 


.■■Smoke  F/ues, 


Spray  Nozzles 


Fig.   132.- 


-A  CO  2  installation  at  the  South  Meadow  station  of  the  Hartford 
Electric  Light  Company. 
CO2   is  admitted  to  the  generator  when  the  relay-actuated  lance  pierces  the  diaphragm 
in  the  CO2  line. 

All  other  work,  including  all  labor,  materials,  equipment  and  accessories 
further  mentioned  or  necessary  for  constructing  the  condenser  units  herein- 
after specified,  shall  be  done  as  a  part  of  the  work  covered  by  these 
specifications. 

Number  Required. — Three  or  four  units  shall  be  furnished  at  the  option 
of  the  commission. 

Description  of  Unit. — Each  imit  shall  consist  of  a  surface  condenser, 
circulating  pumps,  condensate  pumps,  air-removal  equipment,  inter- 
connecting piping  and  connection  to  turbine  exhaust. 
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Capacity. — Each  unit  shall  be  capable  of  reducing  the  absolute  back 
pressure  at  the  turbine  exhaust  to  1  in.  Hg  when  the  turbine  is  exhausting 
210,000  lb.  of  steam  per  hour  and  the  temperature  of  the  circulating  water 
is  55°F. 

Condenser. — The  condenser  shall  be  two-pass,  containing  not  less  than 
32,000  sq.  ft.  of  cooling  surface.  It  shall  be  rigidly  attached  by  means  of  a 
distance  piece  to  the  turbine  exhaust  and  supported  on  springs. 

The  cooling  surface  shall  consist  of  1-in.  outside  diameter  tubes  of  such 
copper  alloy  as  the  commission  may  decide  to  purchase.  Tube  'plates 
shall  be  Muntz  metal  at  least  1%  in.  thick  and  of  such  diameter  that 
the  tubes  do  not  occupy  more  than  33  per  cent  of  the  area  circumscribed  by 
the  inner  edge  of  the  water  boxes.  Both  tube  sheets  of  each  condenser 
shall  be  drilled  and  tapped  for  packing  and  ferrules. 

Circulating  Pumps. — Two  centrifugal  double-section  volute-type  cir- 
culating pumps,  each  mounted  on  a  common  subbase  with  and  direct 
connected  to  a  variable-speed  electric  motor,  shall  be  furnished  with  each 
condenser.  The  two  pumps  shall  be  capable  of  simultaneously  discharging 
through  their  condenser  20,000  U.  S.  gal.  per  minute  each  when  the  water 
level  in  the  intake  conduit  is  2  ft.  lower  than  that  in  the  discharge  conduit. 

The  impellers  shall  be  of  government  bronze  with  all  surfaces  machined 
or  hand  filed.  Impeller  inlets  shall  be  provided  with  renewable  bronze 
labyrinth  rings.  Shafts  shall  be  protected  from  the  water  by  removable 
bronze  sleeves.  Bearings  shall  be  ring  oiling,  horizontally  split,  renewable 
and  independent  of  stuffing  boxes. 

Condensate  Pumps. — Two  centrifugal  volute-t3T)e  condensate  pumps 
mounted  on  a  common  subbase  with  and  direct  connected  to  a  constant- 
speed  electric  motor  shall  be  furnished  with  each  condenser.  Each  pump 
shall  be  capable  of  discharging  not  less  than  600  gal.  per  minute  against  a 
head  of  150  ft.  not  including  the  vacuum  on  the  pump  section. 

The  character  of  construction  shall  be  equal  to  that  specified  for  cir- 
culating pumps. 

Air-removal  Equipment. — Air-removal  equipment  shall  be  of  the  steam- 
jet  type.  There  shall  be  two  equipments  complete  with  inter-  and  after- 
condenser  for  each  condenser  imit.  Each  equipment  shall  be  capable  of 
withdrawing  19  cu.  ft.  of  free  dry  air  at  70°F.  and  283^-in.  vacuvun  and  13 
cu.  ft.  at  29-in.  vacuum  referred  to  a  30-in.  barometer. 

Steam  for  jets  will  vary  from  300  to  325  lb.  per  square  inch  gage  with 
200°  of  superheat.  Any  pressure  regulator  required  to  reduce  this  pressure 
to  a  point  suitable  for  the  jets  shall  be  provided,  one  for  each  equipment. 
Alternate  proposals  on  air-removal  equipment  of  the  hydraulic  and  rotative 
dry  vacuum  type  will  be  considered  at  the  option  of  the  bidders. 

Piping. — The  following  piping  connections  shall  be  furnished  and  installed 
with  each  condenser: 

1.  Suction  lines  with  bell-shaped  inlets  from  intake  conduit  to  circulating 
piunps. 

2.  Discharge  connections  with  hydraulically  operated  gate  valves  from 
circulating  pumps  to  condenser. 

3.  Overflow  pipe  with  bell-shaped  outlet  from  condenser  to  discharge 
conduit. 
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Stages 

^ 

1    1    2 
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l§ 

1 

Colfax 

Westinghouse 

2 

2 

2 

2 

2 

210 

Main  steam 

3 
4 
5 
6 

7 

H.V. 

Valmont 

Springdale 

Waterside     1  . 
Waterside     1  . 
Lakeside 

Westinghouse 
Westinghouse 
Wheeler  C.&E.  Co. 
Ingersoll-Rand 
Wheeler  C.&E.  Co. 

2 
2 
2 
2 
2 

1 

4 
2 
2 
2 

2 
2 
2 

2 

1 
1 
2 
3 
3 

1 
1 
2 

3 

175 
225 
130 
135 
125 

Aux.  steam 
Aux.  steam 
Aux.  steam 
Aux.  steam 
Aux.  steam 

8 
9 
12 
14 

Somerset 

Wabash  River. 

Northeast 

Hell  Gate 

Wheeler  C.&E.  Co. 
Westinghouse 
Wheeler  C.&E.  Co. 

Westinghouse 

6 
2 
2 
2 

2 

1 

2 

2 
2 
2 
2 

1 
2 
3 

2 

1 
2 
3 
2 

135 
175 
150 
150 

Aux.  steam 
Aux.  steam 
Main  steam 
Aux.  steam 

15 

Hell  Gate 

Westinghouse 

2 

1 

2 

3 

3 

150 

Aux.  steam 

16 

Midway 

Wheeler  C.&E.  Co. 

2 

1 

3 

2 

2 

2 

Boiler 

17 
18 
23 
24 
27 
33 

H.V. 

Midway 

Longbeach.  . . . 
Hudson  Ave... 

Lincoln 

Hales  Bar 

CroU-Reynolds 
Westinghouse 
Westinghouse 

Westinghouse 
Radojet 

2 

2 
4 

1 
1 

I 

2 
2 
2 

2 

12 

1 
1 

2 
2 
12 

.. 

250 
175 
150 

175 
125 

Boiler 

Aux.  steam  header 

Live  steam 

Aux.  steam  line 
Main  steam 

34 

Hales  Bar 

Alberger 

6 

2 

2 

1 

1 

140 

Main  steam 

35 

Crawford  Ave. 

Weir 

12 

6 

3 

1 

5 

12 

190 

Aux.  steam 

36 

H.V. 

Crawford  Ave. 

Worthington 

2 

2 

2 

1 

1 

130 

Aux  steam 

37 

H.V. 

Crawford  Ave. 

Westinghouse 

12 

1 

J 

1 

180 

Aux.  steam 

39 

R.D.V. 

Montville 

Wheeler  C.&E.  Co. 

2 

1 

9 

19 

135 

Aux.  steam 

40 
44 

East  Peoria.  .  . 
Omaha 

Alberger 

Wheeler  C.&E.  Co. 

2 
4 

2 
2 

1 
1 

1 
1 

140 
135 

Main  steam 
Main  steam 

45 

Saxton 

C.  H.  Wheeler 

4 

2 

2 

17 

1 

250 

Aux.  steam  . 
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EXTRACTION  APPARATUS — StEAM  JeTS 


^ 

V 

^_ 

§ 

§ 

§ 

fe 

ii 

Source  cooling  water 

Remarks 

Priming  equipment 

.s 

"m 

a 

K 

H 

H 

Surface 

Surface 

Total  condensate  from  hot  well 

32  c.f.m.  at  70°F.  &  15  in.  Hg 

Steam-jet  air  ejectors 

Surface 

Surface 

Total  condensate  from  hot  well 

51  c.f.m.  at  70°r.  &  2  in.  Hg 

Condenser  air-extraction 
sets 
Steam-jet  air  ejectors 

Surface 

Surface 

Total  condensate  from  hot  well 

38  cf.m.  at  1  in.  Hg 

Surface 

Surface 

Total  condensate  from  hot  well 

24  cf.m.  at  1  in.  Hg 

Steam-jet  air  ejectors 

Surface 

None 

Circulating  water 

Intercooler  12.5  per  cent  of  con- 

Steam-jet air  ejectors 

Surface 

Surface 

60  c.f.m.  at  1  in.  Hg 

Steam-jet  air  ejectors 

densate.    Aftercondenser  87.5 

per  cent  of  condensate 

Surface 

Surface 

Total  condensate  from  hot  well 

38  c.f.m.    3  air  offtakes 

"Hytor"  vacuum  pump 

Surface 

Surface 

Total  condensate  from  hot  well 

35  cf.m.  at  70°F. 

Central  priming  system 

Surface 

Surface 

Total  condensate  from  hot  well 

Steam 

Surface 

Surface 

Half   of   intercooler   uses   raw 
water.     125g.p.m.    Other  half 
and  aftercondenser  uses  total 

34  c.f.m.  at  70°F.  &  1  in.  Hg 

Steam-jet  air  ejectors 

Surface 

condensate 

56.5  c.f.m.  at  70°F.  &  1  in.  Hg 

Surface 

Intercooler    uses    raw    water. 

Steam-jet  air  ejectors 

200    g.p.m.     After    condenser 

uses  total  condensate 

Surface 

Surface 

Intercooler    uses    raw    water. 
200    g.p.m.     After    condenser 
uses  total  condensate 

None 

None 

Surface 

Surface 

Total  condensate  from  hot  well 

"Hytor"  vacuum  pump 

Surface 

Surface 

Total  condensate  from  hot  well 

54  c.f.m.  at  70°F.  &  2  in.  Hg 

Steam-jet  air  ejectors 

Jet 

None 

Condensate  55  g.p.m. 

24  c.f.m. 

Steam-jet  air  ejectors 

Surface 

Surface 

Total  condensate  from  hot  well 

53  c.f.m.  at  1  in.  Hg.    Two  air 
offtakes  on  each  side 

Steam-jet  air  ejectors 

Surface 

Surface 

Intercooler— river  water.  After- 

22 cf.m.  at  1  in.  Hg.    3  air  off- 

Steam-jet air  ejectors 

Surface 

condenser— total  condensate 

takes  on  each  side 
6  air  offtakes  per  shell 

Surface 

First  intercooler— river   water. 

Steam-jet  air  ejectors 

Second  intercooler— total  con- 

densate.       Aftercondenser— 

total  condensate 

Surface 

Surface 

Condensate  from  hot  weU 

20  c.f.m.  at  1  in.  Hg.     1  air  off- 
take per  shell 

Steam-jet  air  ejectors 

Surface 

Surface 

Condensate  from  hot  well 

18.3  c.f.m.  at  1  in.  Hg.     6  air  off- 
takes per  shell 

Steam-jet  air  ejectors 

Surface 

Surface 

Condensate  from  hot  well 

25  cf.m.  at  1  in.  Hg.    Air  off- 
takes on  side  of  shell 

Steam-jet  air  ejectors 

Surface 

Surface 

Condensate  from  hot  well 

Surface 

Surface 

Condensate  from  hot  well 

72  cf.m.  at  70°F.  &  2  in.  Hg. 
air  offtake  on  side  of  condenser 

Steam-jet  air  ejectors 

Surface 

Surface 

Condensate  from  hot  well 

22  c.f.m.     Two  air  offtakes  on 
each  side 

Retrex  vacuum  pump 
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Table  XXXVI6. — Details  of  Air-extraction 


Name  of  plant 


Source  of  hurling 
water 


Valmont Westingh 


Northeast. 
Northeast. 
Hell  Gate. 


South  St 

Delaware 

Hudson  Ave. 


Devon 

High  Bridge. 


Amsterdam 

West  End 

Crawford  Ave. 


"L"  Street  Unit  "9&  10" 
Unifll" 


Worthington 
Worthington 
Worthington 

Westinghouse 

Westinghouse 

Westinghouse 

Westinghouse 
Worthington 

Worthington 

Worthington 

Worthington 

Westinghouse 
Worthington 
Worthington 


City  water 
City  water 
Tank 

Main  injection  pipe 

Disch.  of  circ.  pumi)s 

Disch.  of  circ.  pumps 

In-take  tunnel 
Air  wash  pump  line 


Disch.  of  circ.  pumps 
Disch.  of  circ.  pumps 
Water  from  harbor 
Water  from  harbor 
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Apparatus — Hydraulic  Vacuum  Pumps 


6.S 

II 

a 

1-^ 

Type  of  driving 
mechanism 

Remarks 

Priming  equipment    ' 

690 

50 

Electric  motor 

17.5  c.f.m.  at  70°  water  &  2  in.  Hg 

Inverted  loop  connected  to  either 
the  H.V.  or  S.J.  condenser  air 
extraction  sets 

1,800 

165 

Electric  motor 

15  c.f.m.  per  nozzle 

Steam-jet  air  ejectors 

1,800 

75 

Electric  motor 

11  c.f.m.  per  nozzle 

Steam-jet  air  ejectors 

1,200 

75 

Electric  motor 

4.7  c.f.m.  per  nozzle  at  5  in.  Hg 

Connection  to  condenser  air  extrac- 
tion set 

500 

202 

Direct  connected  to 
circulating  pump 

Air  offtake  on  level  with  cone  (jet 
condensers) 

Motor  driven  centrifugal  pump 

720 

100 
95 

A.c.  motor 
Steam  turbine 

25.92  c.f.m. 

Steam-jet  air  ejectors 

690 

85 

A.c.  motor 

22  c.f.m.  at  70°F.  &  2  in.  Hg 

Steam-jet  air  ejectors 

700 

50 

Electric  motor 

10  c.f.m. 

Steam-jet  air  ejectors 

1,150 

75 

Electric  motor 

Air  offtake  on  side  of  shell.     10.26 
c.f.m.  at  40°F.  water  and  75  in.  Hg 

Steam  siphon  and  condenser  air- 
extraction  set 

1,200 

75 

Electric  motor 

Air  offtake  on  side  of  Shell.     13 

Steam-jet  air  ejectors 

1,800 

153 

Induction  motor 

c.f.m. 

Air  offtake  on  side  of  shell.    44 
c  f  m 

Steam-jet  air  ejectors 

1.160 

100 

Electric  motor 

One  air  offtake  in  each  shell.    20 
c.f.m.  &  2  in.  Hg 

Steam-jet  air  ejectors 

700 

64 

Electric  motor 

Six  air  offtakes  in  each  sheU     18.3 
c.f.m. 

Steam-jet  air  ejectors 

1,740 

170 

1  motor 
1  turbine 

1,740 

170 

1  motor 
1  turbine 
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4.  Suction  connections  with  gate  valves  from  condenser  hot  wells  to 
condensate  pumps. 

5.  Air  connections  with  valves  from  condenser  to  each  air-removal 
equipment. 

Turbine  Exhaust  Connections. — Each  condenser  shall  be  provided  with  a 
cast-iron  filler  piece  complete  with  bolts  and  gaskets  and  connected  to  tur- 
bine exhaust. 

Accessories. — Each  condenser  unit  shall  be  provided  with  gage;  thermom- 
eters, mercury  column,  hinged  doors  to  permit  cleaning,  hot-well  gage 
glasses,  supporting  springs  and  hydraulic  jacks,  and  all  bolts  and  con- 
nections necessary  for  anchoring  and  attaching  the  equipment  to  the 
foundations  and  supporting  steel  work. 

One  set  of  wrenches  and  such  special  tools  as  are  required  by  peculiarities 
of  design  shall  be  provided. 

Shop  Tests. — Such  one  of  the  circulating  pumps  as  the  engineer  may 
designate  shall  be  tested  in  the  shops  for  performance.  If  this  pump  fails 
to  meet  the  guarantees,  such  of  the  remaining  pumps  shall  be  tested  as  the 
engineer  may  require. 

The  condensate  pumps  shall  be  similarly  tested. 

Delivery  and  Erection. — The  equipment  comprising  each  condenser  imit 
with  all  auxiliaries  and  accessories  shall  be  delivered  and  completely  erected 

Recent  condenser  installations  and  some  details  of  the  steam- 
jet  and  hydraulic  vacuum-pump  installations  as  given  by  the 
N.E.L.A.  Prime  Movers  Committee,  1926,  are  shown  in  Table 
XXXVI. 


CHAPTER  IX 
ELECTRICAL  LAYOUT  AND  EQUIPMENT       , 

The  electrical  features  associated  with  the  generation  of  energy 
in  a  power  station  involve  an  assembly  of  equipment  and  a 
building  design  which  depend  on  many  conditions.  Elements 
that  are  influential  are  the  size  and  type  of  station,  the  permis- 
sible concentration  of  current  in  the  event  of  trouble  at  any 
point,  the  types  of  protection,  the  degree  to  which  reliability  of 
service  is  paramount  and  the  space  requirements.  And,  needless 
to  say,  the  governing  element  is  the  investment  that  can  be 
made  economically. 

In  general,  the  attempt  is  to  secure  a  foolproof,  safe,  simple, 
flexible  and  highly  efficient  installation  that  will  require  few 
operators,  a  minimum  amount  of  switching  and  maintenance 
and  a  low  cost.  The  primary  layout  is  that  of  the  main  genera- 
tors, the  buses  and  the  feeders,  while  the  house,  control  and 
auxiliary  circuits  are  secondary  and  are  determined  by  the  condi- 
tions of  operation  desired  for  the  main  units. 

Influential  elements  in  the  layout  are  the  size  of  plant  and  the 
service  to  which  it  is  put.  A  metropolitan  station  carrying  a 
base  load  and  of  large  size  warrants  an  investment  to  secure 
reliable  service  and  quick  and  accurate  control  and  so  may  use 
multiple  buses,  phase  isolation,  unit  group  feeding  from  generators 
and  very  elaborate  protective  schemes.  A  mouth-of-mine 
station  supplying  high-tension  lines  only  may  require  an  utterly 
different  design  based  on  using  generators  and  high-tension  lines 
as  units  without  any  low-tension  fuses  or  switching.  And  a 
steam  standby  station  used  only  a  few  days  a  year  in  connection 
with  hydro-electric  systems  may  be  very  greatly  simplified  and 
its  design  adapted  to  service  conditions  which  may  or  may  not 
be  very  severe  as  regards  the  necessity  for  continuity. 

In  all  designs,  however,  it  is  necessary  to  allow  ample  space 
for  the  electrical  equipment,  and  to  provide  the  same  degree  of 
safety  and  reliability  as  prevails  in  other  parts  of  the  station. 
A  trend  exists  to  place  outdoors  all  high-tension  equipment  for 
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stations  supplying  high- voltage  lines  and  for  using  phase  isolation 
for  large  metropolitan  stations  supplying  underground  cables 
or  comparatively  heavily  loaded  lines.  In  all  cases  the  funda- 
mental goal  is  to  get  the  electrical  energy  from  the  generator  to 
the  outgoing  lines  as  directly  as  possible  and  at  the  same  time 
secure  reliability  of  service  and  safety  to  apparatus  and  operators. 
The  three  general  classifications  of  stations  from  the  electrical 
standpoint  are: 


Main  SfofHon  Bus         \ 


OilSw.  „      ,01/ Sw. 

Oenerafor  Sgnchronhlng  Bus 


Syn.  Recpi. 


No.2 


Sijnchroscope 


Fig.  133. — Connections  for  synchroscope  when  used  for  paralleling  alternators. 


1.  Low-tension  stations. — These  are  largely  stations  for 
supplying  energy  to  cities  and  they  distribute  their  energy  to 
substations  at  a  generator  voltage  ranging  from  2,300  to  18,000. 

2.  High-tension  stations. — These  are  used  to  supply  high- 
tension  lines  only  and  involve  the  use  of  step-up  transformers  in 
or  near  the  station. 

3.  Combination  high-  and  low-tension  stations. — These  sta- 
tions supply  some  feeders  at  generator  voltage,  and  in  addition 
supply  some  high-tension  lines.     The  first  class  of  station  requires 
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Fig.  134a. — Typical  electrical  layouts  for  power  stations. 

a.  Single-line  layout.  Used  on  small  stations  only.  It  is  simple  and  cheap  but  inflexible 
and  permits  a  minimum  of  service  reliability.  ,    .    •  a 

b.  Double  bus  with  double  or  single  oil  breakers.  One  bus  may  be  used  for  lighting  and 
the  other  for  power.  When  used  with  single  breakers  and  double  disconnects  it  is  used  in 
small  plants  but  is  inflexible  and  does  not  permit  of  remote  control.  Even  with  double 
breakers  the  arrangement  is  advisable  for  small  stations  only. 

c.  Ring  bus  layout.  This  is  a  very  common  arrangement  for  stations,  as  it  permits  group 
feeding  and  gives  economy  in  copper.  Disadvantage  lies  in  its  inflexibility  should  breaker 
troubles  occur. 

d.  Main  and  group  feeder  bus  layout.  Used  in  large  stations  where  great  service  flexi- 
bihty  is  desired. 

e.  Unit  group  feeder  layout.  Used  in  large  stations  operating  on  a  unit  basis.  Great 
flexibility  is  obtained  and  the  system  is  well  adapted  to  remote  control. 

/.  Group  feeder  layout.  A  very  flexible  and  effective  arrangement  where  the  breakers 
are  interlocked. 

g.  Double  ring  and  transfer  bus  layout.  A  complicated  and  expensive  layout  which  gives 
great  flexibility  and  provides  for  continuous  service. 

h.  Unit  system  with  high-tension  transfer  bus.  Normal  operation  requires  low-tension 
switching. 

i.  Unit  system  with  no  low-tension  breakers.  Not  adopted  to  remote  control  very 
readily. 
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the  use  of  large  amounts  of  copper,  strong  and  massive  construc- 
tion, heavy-current-capacity  equipment  and  very  complete 
control  and  protection  features  to  insure  reliable  service.  Care 
must  be  taken  to  limit  currents  to  faults,  to  secure  flexibility  in 
switching  and  to  protect  against  abnormal  voltages. 

The  second  class  of  station  introduces  the  problem  of  insulation 
and  in  addition  affords  opportunity  for  decision  as  to  the  amount 
of  high-tension  equipment  it  is  advisable  or  economical  to  install 
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Fig.  134&. — Typical  electrical  layouts  for  power  stations. 

i.   Double-bus,  double-breaker  system.     Good  but  very  expensive. 

k.  Double  high-tension  bus  with  a  transfer  or  ground  bus.  Adapted  to  unit-system  opera- 
tion where  all  energy  is  transmitted  at  high  voltage. 

I.  High-tension  sectionalization  with  low-tension  ground  bus.  Used  on  large  systems  to 
give  unit  operations. 

TO.  Unit  double  bus  with  ground  bus.  A  flexible  arrangement  with  reactor  protection 
and  unit  operation. 

n.  Unit  system  with  group  feeders.  Used  on  large  plants  to  secure  unit  operation  and 
flexibility. 

in  buildings.     And  the  third  class  introduces  all  the  elements  of 
design  and  operation  found  in  the  other  two  classes. 

But  in  addition  to  these  classifications,  stations  may  be 
designed  to  operate  as  base  load  plants,  that  is,  continuously  at 
rated  load,  or  they  may  carry  a  fluctuating  load  and  either  of 
these  operating  conditions  may  be  associated  with  conditions 
brought  about  by  interconnection  with  other  stations  of  the  same 
or  different  characteristics.  And  base-load  plants  of  today  may 
become  standby  or  peak-load  stations  of  tomorrow  because  of 
changes  introduced  in  a  short  period  of  time.     Thus  it  is  difficult, 
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indeed,  to  plan  the  electrical  features  for  a  station  under  existing 
conditions  and  have  it  satisfy  conditions  even  5  years  hence. 

Abnormal  troubles  in  the  electrical  portion  of  a  station  arise 
from  switching,  short  circuits  and  grounds,  and  95  per  cent  of 
these  troubles  are  introduced  by  faults  occurring  on  the  lines  or 
feeders  supphed  from  the  station.  It  is  a  rather  simple  procedure 
to  disconnect  a  faulty  feeder  or  line  causing  trouble  or  to  protect 
individual  pieces  of  apparatus  in  the  station  if  continuity  of 
service  is  not  considered.  Unfortunately,  however,  service  is  a 
paramount  consideration  even  to  the  extent  of  perhaps  damaging 
equipment,  and  the  problem  is  therefore  complicated  by  this 
condition.  The  result  is  an  attempt  to  isolate  the  troubled 
section  and  to  supply  its  load  from  other  sections  without  inter- 
rupting service.  The  equipment  required  to  limit  and  isolate 
troubles  consists  in  reactors,  oil  breakers,  automatic  air-disconnect 
switches  and  relays  of  various  types  with  adequate  control  wiring. 
And  the  addition  of  this  protective  equipment  adds  to  service 
hazards  and  design  complication  because  it  makes  another  link 
which  must  operate  100  per  cent  of  the  time  to  be  efficient  in  its 
duty  and  means  must  be  provided  for  inspecting  and  repairing 
this  equipment  without  interrupting  service. 

Thus  in  laying  out  a  station  it  is  imperative  to  keep  the  proper 
perspective  as  regards  the  relative  importance  and  reliability  of 
each  item  required  in  the  assembly  both  for  the  given  station  and 
in  conjunction  with  its  operation  with  other  plants  or  parts  of  the 
system.  Some  typical  low-tension  station  layouts,  high-tension 
layouts  and  combination  station  layouts  are  shown  in  Figs.  134a 
and  1346,  inclusive.  The  high-tension  station  equipment  may  or 
may  not  be  inside  the  switch  house  and  the  general  trend  is  to  place 
it  in  an  outdoor  station  near  the  switch  house.  Also  the  switch 
house  and  buses  may  or  may  not  be  separated  from  the  turbine 
room  by  a  fire  wall  or  even  be  housed  in  a  separate  building, 
depending  on  the  size  of  the  station  and  operating  conditions.  In 
some  cases  vertical-  or  horizontal-phase  isolation  will  be  used  for 
the  station  design. 

Bus  and  Switch  Structures. — The  fundamental  considerations 
for  designing  the  bus  and  switch  structures  are  safety  and  relia- 
bility, convenience  in  operation  and  fire  protection.  Every 
precaution  must  be  taken  to  safeguard  the  plant  operation  in  the 
event  of  abnormal  disturbances  and  at  the  same  time  the  layout 
must  be  simple  and  economical.    The  use  of  steel  trucks,  cubicles. 
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structural  compartments  or  pits  and  other  barriers  is  warranted 
on  circuits  of  less  than  25,000  volts  in  order  to  localize  trouble,  but 
where  high  voltages  are  used  space  is  a  great  factor,  so  that, 
depending  on  capacity  and  voltage,  the  compartment  method  is 
not  used.  The  use  of  outdoor  structures  also  eliminates  the  use 
of  compartments  and  the  tendency  is  to  go  to  such  structures  on 
the  large  high- voltage  plants. 


O.Z    0.4    Q.<b   0.5 


lA    1.6    1.8    2.0   2.Z  2.4  2.& 


Currcni 
Fig.  135. — 'External  characteristic  curves  of  a  salient-pole  80  per  cent  power 
factor  60-cycle   alternator  based  on  an  average  machine  reactance  of  20  per 
cent.      {W.  J.  Foster,  General  Electric  Review,  June,  1923.) 


The  compartment  maj^  be  used  for  bus,  oil  breaker,  instrument 
transformer,  etc.  and  its  function  is  largely  to  prevent  trouble 
from  spreading  to  adjacent  apparatus.  The  compartments  are 
usually  built  of  steel,  brick,  concrete  or  a  combination,  although 
soapstone  and  slate  and  asbestos  board  have  also  been  used. 
The  brick  compartment  is  best  for  all-around  purposes,  as  the 
concrete  requires  reinforcing  in  most  bus  structures  and  a  fault  is 
communicated  to  adjacent  apparatus  very  readily  through  the 
reinforcing  material.  Concrete  slabs  without  reinforcing,  how- 
ever, make  admirable  barriers  to  separate  compartments  made  of 
brick,  and  they  are  cheaper  to  install.  All  compartments  should 
have  removable  doors  which  swing  from  the  top,  are  made  from 
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fireproof  material  and  have  vent  holes.  Asbestos  board  is  very 
commonly  used.  Each  compartment  door  should  be  protected 
by  signal,  card,  electrical  or  mechanical  lock  or  a  switch  so  that 
the  door  cannot  be  opened  when  the  inside  structure  is  alive. 
One  of  the  most  convenient  methods  is  a  push-button  switch 
and  signal  lamps  just  over  the  compartment  door.  A  late  devel- 
opment is  the  all-steel  compartment  with  dead-front  safety- 
truck  type  switchboard,  and  this  offers  many  advantages  over 
older  methods,  especially  in  the  lower  voltages. 
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Fig.  136. — Characteristics  and  connections  for  differential  and  ground  relays 
on  a  13,200-volt,  sixty-cycle  generator  in  the  Hell  Gate  station  of  the  United 
Electric  Light  and  Power  Company,  New  York. 

In  laying  out  a  switch  house,  space  must  be  left  for  instrument 
transformers  and  disconnect  switches.  These  are  usually  placed 
in  separate  compartments  and  in  some  cases  bushing-type  cur- 
rent transformers  can  be  used  to  advantage.  In  locating  oil 
breakers  and  transformers  extreme  care  must  be  exercised  so  as  to 
place  them  in  a  position  where  a  short  circuit  or  the  rupture  of  a 
tank  will  not  produce  a  fire  or  cause  burning  oil  to  spread  over 
the  plant.  Pits  are  sometimes  used  and  in  other  cases  oil-tight 
compartments  are  used.     Simplicity  and  convenience  as  well  as 
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costs  enter  into  the  location  of  such  apparatus  and  usually  a  com- 
promise is  made. 

The  low-tension  bus  bars  should  be  made  of  built-up  lamina- 
tions to  reduce  skin  effect  and  should  be  placed  on  edge  to  give 
better  ventilation.  An  important  point  in  laying  out  the  bus- 
bar supports  is  to  allow  for  mechanical  stresses  in  the  event  of  a 
short  circuit  and  to  allow  for  the  expansion  and  contraction  of 
the  bus  copper  with  changes  in  the  temperature  of  the  bus 
copper.  With  77°F.  as  normal,  a  rise  in  temperature  to  110° 
will  cause  the  bus  copper  to  expand  about  0.35  in.  per  100  ft., 
while  a  drop  to  25°  will  cause  the  copper  to  contract  about  0.6 
in.  or  a  total  change  of  about  0.95  in.  per  100  ft.  may  readily 
occur  in  bus  copper.  The  bus  clamps  should  be  in  compression 
and  not  in  tension  and  proper  adjustments  for  removing  or 
changing  a  defective  clamp  or  insulator  must  be  made.  There 
are  many  special  devices  on  the  market  which  serve  for  specific 
cases.  Another  important  factor  in  the  layout  is  to  get  sufficient 
strength  in  the  supports  for  the  disconnect  switches,  since  the 
mechanical  force  used  to  open  or  close  the  switch  will  be  optional 
with  the  individual  operator. 

The  control  wiring  for  switchboard  apparatus  and  meters  is  a 
constant  source  of  trouble  in  that  it  requires  frequent  inspection 
and  change  for  calibrating  and  test  purposes.  In  the  event  of 
trouble  the  whole  station  may  be  closed,  so  that  every  effort  should 
be  made  to  get  this  type  of  wiring  located  in  a  safe  and  conven- 
ient space.  The  bottom  of  a  control  panel  board  or  the  back  of  a 
switchboard  is  a  poor  place  to  work  and  it  pays  to  have  special 
panels  or  a  room  located  beneath  the  switchboard  proper  to 
which  all  control  wires  are  led  through  conduit  to  fused  test 
panels.  These  panels  allow  tests,  changes  and  calibrations  to 
be  made  very  readily  and  conveniently  and  at  the  same  time  safe- 
guard the  station  service. 

In  planning  a  plant  layout  it  is  also  necessary  to  arrange  for 
lighting  under  any  conditions,  even  if  this  involves  the  installa- 
tion of  a  battery.  The  installation  and  the  location  of  a  testing 
set  for  testing  out  all  circuits  at  the  will  of  the  operator  are 
features  often  overlooked.  This  test  set  and  its  control  and 
wiring  will  usually  be  found  most  convenient  on  the  floor  that 
contains  the  house-service  switchboard  and  switchboard-control 
wiring  panels,  but  very  often  the  specific  location  will  be  deter- 
mined by  the  plant  considered.     Every  effort  should  also  be 
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made  to  secure  ample  space  and  convenience  for  the  house- 
service  switchboard  and  wiring,  since  the  plant  functions  ade- 
quately only  so  long  as  this  service  is  maintained.  Also  the 
economic  operation  of  the  plant  depends  very  largely  on  the 
reliability  and  ease  with  which  adjustments  can  be  made  on 
the  house-service  apparatus. 

Alternators. — The  electrical  energy  stream  in  a  central  station 
starts  at  the  alternator,  which  acts  as  the  agency  for  transforming 
the  mechanical  energy  of  the  steam  turbine  or  water  wheel  into 
electrical  energy.     And  the  electrical  energy,  although  in  itself 


Fig.  137. — Dual  drive,  consisting  of  a  steam  turbine  and  synchronous  motor, 
on  a  circulating  water  pump  in  Delaware  station  of  the  Philadelphia  Electric 
Company. 

intangible,  behaves  according  to  well-defined  quantitative  laws, 
so  that  rigid  design  and  performance  calculation  can  be  made. 
The  physical  structure  of  the  alternator  consists  of  a  rotating 
portion  called  the  rotor,  which  carries  the  excitation  winding,  and 
a  stationary  structure  called  the  stator,  which  carries  the  windings 
which  supply  the  outgoing  energy  circuits.  The  rotor  is  built 
of  high-grade  steel  or  nickle-steel  alloy  either  as  a  solid  forging 
or  as  a  built-up  structure  of  discs  and  has  slots  radially  located 
for  holding  the  field  winding.  The  stator  is  a  cast  frame  holding 
built-up  laminations  which  contain  ventilating  ducts  and  the 
slots  for  holding  the  stator  winding. 
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A  wide  range  of  speeds  and  ratings  are  commercially  available, 
the  largest  being  rated  62.500  kva.  The  maximum  peripheral 
speed  for  rotors  in  American  practice  is  abour  450  ft.  per  second 
for  mavimiim  output  conditions,  and  because  of  this  hmitation 
and  others  the  rotor  of  a  four-pole,  75,000-kw.  imit  weighs  no 
less  than  100  tons  and  has  an  active  core  20  ft.  long  and  54  in.  in 
diameter. 

The  vibrational,  centrifugal  and  electro-magnetic  forces  iu  an 
alternator  are  very  large,  and  special  wedges,  end  braces,  steel 
rings,  etc.  are  used  to  hold  the  windings  in  place  against  electro- 


tz-^.  l-ii.— ;  -  in  the  Watersice  st^u:-  of  the  Louisville 

lllectric  Company. 

magnetic  forces  and  forces  produced  by  the  effect  of  heat.  The 
expansion  coefficients  of  copper,  steel  and  insulation  differ  widely 
and  give  resultant,stresses  of  great  magnitude.  For  example,  the 
insulation  of  the^nd  turns  may  be  subjected  to  a  stress  of  4,000 
lb.  per  square  inch  due  to  electro-magnetic  forces  alone  in  large 
units. 

The  limiting  factors  in  alternator  capacity  are  mechanical 
strength,  heating  and  voltage  and  all  three  of  these  items  are 
interrelated.  A  commercial  alternator  is  rated  in  kUovolt- 
amperes  and  thus  requires  a  power-factor  specification  if  overload 
capacity  of  the  turbo-generator  unit  is  to  be  stated.     About  1,600 
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amp.  per  square  inch  of  copper  with  a  con5equent  heat  loss  of 
0.6  watt  per  square  inch  represents  common  design  practice  with 
an  insulation  thickness  of  about  0.25  in.  and  iron  worked  at  a 
density  of  60.Ck;nj  to  100.000  lines  per  square  inch. 

Quantitative  Relations. — The  fundamental  formulas  apphcable 
to  a  three-phase  alternator  are: 

E  =  V  2  T Xof  10-^  volts, 


IZ  =e  —Iz 


V(i?-r>-  +  {X  +  xr- 
where  e  =  the  e.m.f.  generated  per  phase  at  no  load. 

A'  =  the  number  of  stator  conductors  in  series  per  phase. 

/  =  the  frequency  in  cycles  per  second. 

<f>  =  the  flux  per  pole  in  the  air  gap  at  no  load. 

X  =  s^Tichronous  reactance  per  phase. 

r  =  eflfective  resistance  per  phase. 

z  =  synchronous  impedance  per  phase. 

Z  =  load  impedance  per  phase  =  i?  -f  jX. 

I  =  current  per  phase. 

E  =  terminal  voltage  per  phase. 
From  these  equations  it  is  seen  that  the  terminal  voltage  of  an 
alternator  depends  on  both  internal  and  external  constants. 
The  automatic  voltage  regulator,  however,  can  be  used  to  sectire 
any  desired  terminal  voltage  conditions  under  changing  loads,  so 
that  alternator  designers  have  leeway  in  regard  to  voltage  regula- 
tion. The  ratio  of  rotor  ampere-turns  to  stator  ampere-turns 
is  not  so  important,  and  in  many  machines  is  about  2  to  1.  giving 
a  voltage  regulation  varying  between  25  per  cent  at  imit>-  power 
factor  to  40  per  cent  at  SO  per  cent  power  factor.  When  used  on 
high-tension  Unes  with  hea%'A--changing  currents,  special  precau- 
tions must  be  taken  to  secure  control  over  alternator  excitation. 
The  output  and  power  factor  of  a  three-phase  alternator  under 
balanced  conditions  is  found  from  the  equation: 

watts  =  %  3£"/  cos  £*, 
where  cos  6  is  the  power  factor  and  E  and  /  are  the  average 
values  of  line  voltage  and  current  respectively. 

High-voltage  alternators  have  stator  windings  that  are 
operated  in  Y-connection.  as  this  permits  the  neutral  to  be 
grounded,  gives  better  facihties  for  controlling  the  operation  of 
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the  machine  and  protecting  it  against  grounds  and  short  circuits, 
gives  a  higher  Hne  voltage  for  a  given  phase  voltage,  gives  a  greater 
ratio  of  copper  to  insulation  in  the  slots  and  gives  less  insulation 
strain  in  the  ratio  of  1  to  s/S  for  the  same  terminal  voltage  if  a 
delta  winding  is  used. 

The  wave  shape  of  an  alternator  should  closely  approximate 
a  sine  wave  to  prevent  harmonics  in  the  voltage  or  current, 
depending  on  the  winding,  which  give  trouble  on  the  system  or  to 
communication  systems.  The  A.I.E.E.  specification  as  to  wave 
form  limits  the  deviation  factor  or  maximum  distance  between 
corresponding  ordinates  on  the  vertical  scale  between  the  equiva- 
lent sine  wave  and  the  machine  wave  to  10  per  cent  when  the 
waves  are  superimposed  in  such  a  way  as  to  make  this  difference 
a  minimum. 

In  order  to  secure  comparable  conditions  between  alternators 
of  different  makers  and  in  order  to  write  proper  specifications,  it 
is  essential  that  certain  features  should  be  specified  and  stand- 
ardized. The  A.I.E.E.  has  standardized  alternators,  in  general, 
as  regards  operating  temperature,  mechanical  strength,  dielec- 
tric strength,  insulation  resistance,  efficiency,  power  factor,  wave 
shape,  voltage  regulation  and  rating. 

The  capacity  of  an  alternator  is  the  load  it  will  carry  con- 
tinuously without  exceeding  any  of  the  foregoing  limitations. 
The  rating  of  an  alternator  is  simply  the  manufacturer's  name- 
plate  data  and  is  largely  based  on  temperature  limitations. 
The  rating  is  specified  in  kilovolt-amperes  at  the  terminals  of 
the  machine  at  a  specified  voltage,  frequency  and  sometimes  the 
power  factor  for  normal  kilowatt  operation  is  mentioned. 

The  limitation  in  capacity  as  regards  temperature  is  fixed  by 
the  temperature  under  which  the  insulation  will  stand  up  con- 
tinuously, as  there  is  no  economic  advantage  obtained  from 
operating  at  a  low  temperature.  The  temperature  is  usually 
based  on  a  so-called  ambient  temperature,  which  is  determined 
by  the  temperature  of  the  intake  air.  The  standard  A.I.E.E. 
ambient  temperature  is  40°C.  The  limiting  temperature  as  fixed 
by  the  A.I.E.E.  with  built-up  mica  and  asbestos  insulation  is 
recommended  as  125°C.  or  a  rise  of  85°  over  the  standard  ambient 
temperature.  A  correction  is  made  for  altitude  when  the  altitude 
is  in  excess  of  3,300  ft. 

In  forced-draft  cooling  a  conventional  weighted  mean  tempera- 
ture is  used  as  the  ambient  temperature.     A  weight  of  4  is  given 
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the  temperature  of  the  intake  air  and  of  1  to  the  air  in  the  room. 
For  example,  if  the  air  from  outside  a  building  is  15°C.  and  the 
room  temperature  is  30°,  the  ambient  temperature  from  which 
the  temperature  rise  is  computed  is 

^  _4X15°X1X30°_  ^go(^ 

5 

If  the  maximum  temperature  of  the  machine  is  75°C.  under  these 

conditions,  then  the  rise  is  75°  —  18°  =  57°.     No  acceptance 

tests  should  be  made  with  an  ambient  temperature  less  than  15°C. 

To  measure  the  temperature  three  methods  are  available: 

1.  Thermometers. 

2.  Thermo-couples. 

3.  Resistance  changes  in  conductors. 

Method  2  is  preferable,  although  it  is  advisable  to  use  the  other 
methods  as  a  check.  The  thermo-couples  should  be  about  20 
in.  long  and  have  a  resistance  of  about  10  ohms  at  25°C.  They 
are  embedded  in  the  slots  in  two  positions  in  a  two-layer  winding 
and  in  one  position  in  a  single-layer  winding. 

Several  of  these  couples  are  built  into  the  machine  and  can  be 
used  under  operating  conditions  to  detect  the  internal  tempera- 
ture. The  highest  reading  of  any  couple  -|-5°C.  determines  the 
so-called  hot-spot  temperature  for  a  double-layer  winding, 
according  to  the  A.I.E.E.  rules.  In  a  single-layer  winding  the 
hot-spot  temperature  equals  the  maximum  thermo-couple 
temperature  +10°  +1°  per  1,000  volts  above  5,000. 

Care  in  writing  temperature  specifications  is  warranted.  For 
example,  if  a  machine  is  rated  on  a  circulating  air  temperature 
of  15°C.,  then  the  machine  has  excess  capacity  in  the  winter 
when  the  peak  load  occurs.  If  105°  is  the  maximum  tempera- 
ture, using  the  summer  intake  air  at  40°  and  the  winter  at  15°C., 
the  available  rise  is  found  as 

Summer  =  (105  -  5  -  40)  =  60°. 
Winter  =  (105  -  5  -  15)  =  85°. 
If  a  constant  volume  of  air  is  supplied  to  the  machine,  10  per 
cent  more  kilovolt-amperes  can  be  obtained  in  the  winter  than 
in  the  summer  without  exceeding  temperature  limitations,  i.e., 
a  100,000-kva.  plant  of,  say,  five  20,000-kva.  units  in  the  winter 
is  equivalent  to  five  20,000-kva.  and  one  10,000-kva.  unit,  or 
110,000  kva.  The  hot-spot  temperature  fixes  the  rating, 
however,  so  care  must  be  used  in  trying  to  operate  on  an  average 
temperature  basis. 
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The  temperature  limitations  for  stator  and  rotor  should  be  the 
same  in  order  to  utilize  all  the  capacity  of  an  alternator  in  cold 
weather.  The  A.I.E.E,  rules  specify  that  a  turbo-generator 
shall  stand  an  overspeed  of  20  per  cent  and  shall  have  sufficient 
mechanical  strength  to  withstand  centrifugal  forces  at  this  speed 
and  also,  for  an  instant,  the  forces  due  to  a  short  circuit. 


Table  XXXVII.- 


-Relative  Changes  in  Alternators  with  Increased 
Rating 


Rating  in 
kilovolt- 
amperes 

Cost  per 
kilovolt- 
ampere 

Effi- 
ciency, 
per  cent 

Friction, 
etc. 

Rotor 
Cu 

Core 

Stator 
Cu 

1,000 

$25.00 

95 

0.9 

1.0 

2.0 

1.1 

2,000 

19.00 

96 

0.6 

0.7 

1.8 

0.9 

3,000 

17.00 

96.5 

0.6 

0.6 

1.7 

0.8 

5,000 

15.00 

97 

0.4 

1.6 

1.6 

0.5 

10,000 

14.00 

97.2 

0.5 

0.35 

1.5 

0.45 

15,000 

13.50 

97.32 

0.48 

0.32 

l.,38 
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The  test  for  dielectric  strength  on  a  turbo-generator  is  made  at 
75°C.  and  consists  in  the  application  of  a  voltage  equal  to  2  X 
normal  +1,000  for  60  sec.  between  any  terminal  and  ground  or 
another  electric  circuit.  The  insulation  resistance  must  be  at 
least  equal  to  the  expression: 

P  _  volts  at  the  terminals  megohms 
rated  kilovolt-amperes  +  1,000 

at  the  operating  temperature. 

The  Ventilation  of  Alternators. — In  order  to  keep  the  tempera- 
ture of  the  hottest  part  of  the  alternator  to  125°C.,  it  is  necessary 
to  use  forced  ventilation  on  all  large  turbo-generators. 

There  are  four  chief  items  to  be  considered  in  cooling  alter- 
nators : 

1.  Quantity  and  velocity  of  air. 

2.  Temperature  difference  in  cooling  air. 

3.  Surface  exposed  for  coohng. 

4.  Losses  to  be  dissipated. 

The  air  must  have  velocity  to  scour  out  the  warm  air  from  the 
heated  parts  without  regenerative  mixing;  it  must  have  sufficient 
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volume  and  temperature  head  to  remain  cooler  than  the  heated 
parts  in  all  paths  through  the  machine. 

The  heat  that  flows  in  the  alternator  depends  on  the  difference 
in  temperature  in  the  paths  and  the  conductivity  of  the  paths. 
The  rise  of  temperature  depends  on  the  heat  generated  and  the 
heat  carried  away  per  degree  difference  of  temperature.  In 
the  alternator  the  heat  flows  according  to  different  laws  ii;  the 
different  materials,  i.e.,  iron,  copper,  air  and  insulation.  The 
following  data,  for  example,  show  the  stator  rise  in  temperature 
on  a  20,000-kva.,  1,800-r.p.m.,  13,000-volt  turbo-generator 
based  on  100°  rise  at  100  per  cent  load: 

The  cooling  air  rises  25°  C. 

Outside  surface  of  core  rises  40°  and  is  15°  above  discharge  air. 

Armature  copper  rises  100°. 

There  is  a  drop  of  about  45°  in  insulation  of  armature  coils. 

The  heat  conductivity  of  coil  insulation  is  about  0.003  watt 
per  inch  cube  and  the  thickness  of  insulation  is  about  0.25  in. 
The  heat  generated  in  the  coils  is  about  0.6  watt  per  square  inch. 
The  thermal  drop  through  the  insulation  of  a  modern  coil  is 
thus 

_  0.6  X  0.25  _ 
^    -       0.003       -  ^"  ^  • 

There  are  two  ways  for  heat  to  flow  in  the  alternators:  (1) 
along  the  coils  toward  the  end  turns,  or  (2)  at  right  angles  to  the 
coils  through  the  insulation  into  the  iron  laminations.  The 
amount  of  heat  generated  is  large;  for  example,  on  a  30,000-kva. 
generator  at  97  per  cent  efficiency,  900  kw.  must  be  dissipated 
as  heat  and  carried  off  by  the  cooling  air. 

Ventilating  ducts  must  be  used  to  secure  the  dissipation  of  the 
heat  generated  and  from  15  to  25  per  cent  of  the  total  generator 
volume  is  used  for  these  ducts. 

One  cubic  foot  of  dry  air  weighs  about  0.0749  lb.  at  70°F.  and 
absorbs  0.0182  B.t.u.  per  degree  Fahrenheit  at  70°.  In  other 
words,  55  cu.  ft.  of  dry  air  will  be  raised  in  temperature  1°  per 
B.t.u.  at  70°F.  One  kilowatt  =  3,415  B.t.u.  per  degree  Fahren- 
heit at  70°.     Then  in  any  alternator 

Cubic  feet  of  air  per  minute  = 

55  X  kilowatt  loss  X  3,415 

difference  in  temperature  of  cooling  air  X  60 
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For  example,  suppose  40°F.  is  the  allowable  temperature  rise 
of  the  cooHng  air  on  a  30,000-kva.  machine  having  900-kw. 
loss.     Then 

n  u-    f    ^    f    ■               ■      ,         55X900X3,415        _  _^ 
Cubic  feet  of  air  per  minute  =  =  70,178. 

The  usual  air  velocities  are  from  2,000  to  3,000  ft.  per  minute. 
In  the  above  example,  if  a  velocity  of  6,000  ft.  per  minute  is 
used  and  the  air  is  passed  through  the  machine  from  one  end,  the 

total  duct  area  would  be  -^r.r^  =  11.6  so.  ft.  in  cross-section. 
6,000 

If  the  air  is  passed  from  both  ends  of  the  machine,  the  duct  area 
should  be  halved,  or  5.8  sq.  ft. 

The  horsepower  of  the  fan  motor  required  to  supply  the  air  in 
horsepower  = 

5.2  X  inches  of  water  X  cubic  feet  of  air  per  minute 
33,000  X  fan  efficiency  X  motor  efficiency 

1       u  5.2  X  0.5  X  70,000       _  , 

For   example,    horsepower  =  33  000  x  0  6  X  0  8  ""         ^' 

If  a  washer  is  used  which  requires  an  addition  in  pressure  of  1 
in.  of  water  then  a  45-hp.  motor  would  be  needed. 

There  are  two  systems  used  for  ventilating  turbo-generators: 
(1)  radial,  (2)  axial.  Each  has  advantages  and  disadvantages, 
and  it  depends  on  the  manufacturer  and  other  conditions  as  to 
which  is  used.  In  the  radial  type  the  air  enters  from  each  end 
along  the  air  gap  and  goes  out  through  radial  ducts  in  the  stator. 
This  system  is  very  good  for  cooling  the  rotor,  but  has  disadvan- 
tages in  cooling  the  stator  and  is  used  on  comparatively  short 
machines.  The  air  passes  parallel  to  the  edges  of  the  laminations 
and  the  conductivity  is  low  transversely  across  the  laminations 
as  compared  to  the  conductivity  along  the  laminations.  The 
axial  system  uses  axial  holes  punched  in  the  stator  laminations. 
These  holes  may  extend  entirely  through  the  machine  or  to  radial 
discharge  ducts  in  the  center  of  the  core. 

A  new  type  of  ventilation  is  a  combination  of  axial  and  radial 
and  might  be  called  multiple  radial.  This  permits  stators  to  be 
made  of  indefinite  length  and  a  series  of  air  inlets  and  outlets  are 
used  along  the  length  of  the  core.  In  the  very  large  units  sepa- 
rate motor-driven  fans  are  used  for  ventilation,  instead  of  the  usual 
shaft-driven  fans. 
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The  higher  the  velocity  of  coohng  air  the  cleaner  the  generator 
is  kept,  and  the  greater  the  rate  of  heat  dissipation,  but  this  is 
at  the  expense  of  power  expended  in  the  air  fan. 

A  30,000-kva.  machine  has  passed  through  it  about  3  tons  of 
air  per  minute  and  thus  handles  an  amount  of  air  almost  equal  to 
its  own  weight  every  3,^  hr.  The  manufacturer  supplies  the 
fans  for  a  unit,  but  the  engineer  must  attend  to  its  conditioning. 


Fig.  139.— Im 


of   W'libash  River  station  of  the  Indiana  Gas  and  Electric 
Company. 


If  the  air  is  dirty  or  moist,  trouble  may  arise.     For  example,  if 

only  of  the  volume  of  the  air  is  dust,  then  a  machine 

using  about  70,000  cu.  ft.  of  air  per  minute  handles  1  cu.  ft.  of 
dust  per  24  hr.  If  some  of  this  dust  is  deposited  on  the  windings 
due  to  moisture,  oil  vapor  or  cavities,  the  rate  of  cooling  is  affected 
and  capacity  is  lost.  At  the  same  time  the  efficiency  is 
decreased  and  the  insulation  may  be  injured,  to  say  nothing  of  the 
expense  and  delay  necessitated  by  frequently  cleaning  the  machine. 
It  pays  to  condition  the  air  for  the  alternator  when  the  external 
air  is  dusty  or  at  a  high  temperature,  and  it  may  even  pay,  in 
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some  cases,  to  use  the  exhaust  warm  air  from  the  alternator  in 
the  boiler  draft  pit. 
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Air  washers  have  been  used  to  clean  the  air  most  frequently, 
although  bag  rooms  are  used  freely  in  Europe.  In  some  installa- 
tions in  this  country  each  generator  has  a  self-contained  cooling 
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and  washing  system.  The  air  circulates  continuously  and  is 
sprayed  after  leaving  the  generator.  Dampers  permit  control 
of  the  volume  of  air  and  in  some  cases  the  condensate  is  used  for 
washing  and  cooling  the  air. 

Closed  air-cooling  systems  are  used  on  large  units  with  closed- 
type  fin-tube  coolers  to  remove  the  heat  losses.  These  coolers 
may  be  cooled  by  condensate,  but  the  trend  is  to  use  the,  raw 
circulating  water.  This  system  makes  a  self-contained  unit 
which  is  compact  and  lessens  fire  hazards. 

The  use  of  hydrogen  gas  for  cooling  alternators  has  been  pro- 
posed. Windage  and  other  losses  are  decreased  and  hydrogen 
has  seven  times  the  thermal  conductivity  of  air.  It  is  non- 
explosive  unless  30  per  cent  of  air  is  present,  but  mechanical  diffi- 
culties have  been  encountered  in  retaining  the  hydrogen  in  the 
generator,  as  it  diffuses  very  readily. 

For  extinguishing  fires  in  alternators  steam,  water  and  CO2 
gas  are  used,  depending  on  conditions.  In  general,  steam  is  the 
best  means  and  steam  lines  should  be  permanently  installed  to 
the  alternators. 

Under  operating  conditions  the  limiting  factor  in  determining 
the  capacity  of  a  generator  is  the  temperature,  and  the 
thermo-couples  placed  in  the  stator  slots  should  be  connected  to 
the  switchboard  to  indicate  the  internal-heat  conditions.  The 
thermo-couples  can  be  adapted  to  control  the  blower  on  the 
generator  through  relays  connected  to  the  driving  motor  of 
the  blower.  They  can  control  the  tripping  of  a  circuit  breaker 
or  can  simply  be  connected  to  a  recording  meter  or  to  an 
indicating  meter  to  furnish  the  operators  with  a  record  of  the 
temperature  conditions.  These  temperature  indications  often 
prove  invaluable  for  determining  the  reason  for  the  breakdown 
of  a  generator. 

Parallel  Alternators. — In  a  central  station  three  things  require 
parallel  operation  of  alternators: 

1.  Limitation  in  available  size  of  units. 

2.  Economy  in  plant  operation  under  variable  load. 

3.  Continuity  of  service. 

The  largest  single-shaft  turbo-alternator  is  rated  at  about 
50,000  kva.,  and  consequently  a  large  system  must  use  several 
units  in  parallel  or  compound  machines  to  carry  the  load. 

The  load  on  a  plant  usually  varies  through  wide  ranges  and, 
as  a  machine,  both  from  the  electric  and  steam  standpoints, 


260  ELECTRIC  POWER  STATIONS 

operates  at  maximum  efficiency  at  full  load,  economies  are 
obtained  by  having  available  several  machines  in  a  plant. 
Another  element  is  that  machines  of  different  makes  and  ratings 
can  be  used  on  the  bus  to  carry  the  load  so  that  additions  to 
plant  capacity  are  possible  with  little  change  in  plant  installa- 
tion. Continuity  of  service  can  be  more  readily  maintained  in 
the  event  of  a  failure  in  any  alternator  because  another  can  be 
put  in  parallel  on  the  bus. 

When  operating  in  parallel,  alternators  must  satisfy  the  follow- 
ing conditions: 

1.  The  same  frequency. 

2.  The  same  voltage  at  the  point  of  paralleling. 

3.  Their  voltages  must  be  in  phase  opposition  with  respect  to 
each  other  but  in  phase  with  respect  to  the  bus  load. 

There  are  three  operating  variables  which  can  be  studied  with 
respect  to  the  parallel  operation  of  alternators: 

1.  Excitation  of  each  machine. 

2.  Turbine  governor  control  on  each  machine. 

3.  Load  changes. 

The  excitation  of  each  machine  controls  its  internal  induced 
voltage  and  power  factor  and  influences  the  bus  voltage.  It  does 
not  control  the  portion  of  the  bus  load  shared  by  the  alternator 
to  any  degree  unless  there  is  a  large  impedance  between  the  parallel 
units. 

The  governor  control  on  the  turbine  permits  remote  control 
of  the  portion  of  the  bus  load  carried  by  each  machine  and  main- 
tains the  system  frequency.  A  secondary  effect  is  to  insure 
stabihty  in  parallel  operation  through  the  fact  that  the  speed- 
load  characteristic  of  the  governors  is  such  that  the  speed  tends 
to  decrease  as  the  load  increases. 

Changes  in  the  load,  as  regards  its  constants,  influences  the 
system  power  factor,  frequency  and  bus  voltage.  The  use  of 
automatic  voltage  regulators  for  the  excitation  circuits  has  made 
possible  automatic  control  of  the  bus  voltage  under  predeter- 
mined conditions. 

The  power  developed  by  each  alternator,  for  a  given  steam 
input,  depends  on  the  induced  voltage,  the  current  and  the  power 
factor.  The  external  load  power  developed  is  determined  by 
the  terminal  voltage,  the  current  and  the  power  factor.  The 
induced  voltages,  ratings  and  constants  of  alternators  in  parallel 
may  differ  and  the  machines  may  still  have  the  same  terminal 
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voltage  because  the  internal  impedance  drop  produces  an  equal- 
izing effect. 

Governor-speed  Characteristics. — A  governor,  since  it  is  a  mechan- 
ical device,  has  a  certain  sensitiveness  to  changes  which  control 
its  action.  The  governor  on  a  turbine  must  not  be  sufficiently 
sensitive  to  react  instantly  to  instantaneous  load  surges  on  the 
electrical  system  but  still  must  be  sufficiently  sensitive  to  control 
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Fig.  140. — Typical  excitation  systems  for  power  station. 

a.  Individual  system  with  separately  drive  exciters.  A  modification  of  this  system 
uses  a  house  turbine  to  supply  the  auxiliary  bus  in  addition  and  the  auxiliary  bus  may  or 
may  not  be  used  as  a  house  service  bus. 

h.  Individual  system  with  direct-connected  exciters. 

c.  Individual  system  with  reserve  through  a  duplex  drjve  unit  connected  to  the  auxiliary 
bus. 

d.  Common  bus  system  with  individual  drives  for  exciter  units  and  with  a  battery  in 
reserve.  Variations  may  be  had  with  turbine-driven  exciters  or  the  auxiliary  bus  may  be 
energized  by  the  house  turbo-generator. 

e.  A  common  bus  system  which  used  direct-connected  exciters.  A  battery  reserve  with 
or  without  boosters  may  be  added. 

/.  Common  bus  system  with  a  turbine  motor-generator  set  as  a  reserve  supply.  Varia- 
tions are  direct  drive  and  duplex  drives  for  reserve. 

the  division  of  load  as  the  system  load  changes.  It  must  also 
afford  opportunity,  at  the  will  of  the  switchboard  operator,  to 
permit  non-automatic  load  adjustments  and  frequency  control. 
A  solenoid  or  motor-controlled  main  or  auxiliary  valve  permits 
control  of  the  steam  admission,  but  it  is  sometimes  essential  to 
change  the  governor-speed  characteristics,  and  consequently 
the  load,  by  remote  control. 

For  example,  if  the  total  load  is  30,000  kw.,  each  machine 
carries  an  equal  amount  at  a  frequency  of  sixty  cycles.     At 
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fifty-nine  cycles  one  machine  carries  a  load  of  about  22,000  while 
the  other  has  a  load  of  25,000.  Through  governor  control, 
however,  the  characteristic  of  No.  2  machine  can  be  raised  or 
that  of  No.  1  lowered  until  each  carries  the  same  load  at  fifty-nine 
cycles.  If  each  governor  is  raised  and  adjusted,  the  machines 
can  be  made  to  carry  the  same  and  equal  loads  at  sixty  cycles. 

In  steam  engine  operation  the  sensitiveness  of  the  governors 
may  cause  trouble  due  to  the  cyclic  variation  in  torque  per  revolu- 
tion due  to  the  reciprocating  motion  but  the  turbine  has  a  uniform 
torque  per  revolution  and  the  governor  can  be  made  more  sensi- 
tive to  changes  in  operating  conditions. 

In  a  given  plant  the  frequency  can  be  controlled  by  automatic 
governing  of  one  machine  which  is  always  connected  to  the  system. 
Any  change  in  system  frequency  caused  by  change  in  load  division 
or  change  in  excitation  conditions  can  be  counteracted  by  this 
automatic  governing  of  the  one  unit.  The  effect  of  change  of 
load  on  one  unit  on  system  frequency  is  largely  a  function  of  the 
capacity  of  the  machine  as  compared  to  the  total  load  on  the 
system.  A  small  alternator,  from  no  load  to  full  load,  affects 
the  system  frequency  but  little  from  any  action  of  its  governor. 
In  a  two-unit  plant  of  such  a  capacity  that  each  unit  has  equal 
rating,  the  effect  of  putting  a  unit  on  the  load  or  the  effect  of  a 
variable  load  or  of  the  governor  of  a  unit  is  very  marked  and  must 
be  controlled  by  automatic  governor  control  or  by  hand  governor 
regulation.  Also  a  plant  having  modern  units  of  similar  governor 
characteristics  has  little  trouble  in  controlling  system  frequency 
independently  of  load  variations  as  compared  to  the  type  of 
plant  that  has  grown  up  as  the  load  increased  yearly  and  which 
contains  units  of  different  makes  and  designs.  In  such  a  plant 
only  a  mean  governor  adjustment  can  be  made  for  the  individual 
units  and  the  other  adjustments  under  variable  load  conditions 
involve  hand  operation  or  automatic  governor  control  on  a  large 
unit  which  acts  as  a  stabilizer  for  the  others. 

Effect  of  Excitation, — The  excitation  of  any  machine  is  subject 
to  the  control  of  the  plant  operator,  even  though  a  voltage 
regulator  is  used.  The  effect  of  a  change  in  excitation  depends  on 
the  conditions  of  operation  and  the  magnitude  and  electrical 
constants  of  the  system.  In  general,  a  change  of  excitation  affects 
the  magnitude  of  the  bus  voltage,  the  induced  voltage  of  each 
machine  and  the  internal  power  factor  of  each  machine.  A 
secondary  effect,  under  certain  conditions,  in  a  change  in  system 
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frequency  and  in  the  internal  power  developed  by  the  individual 
machines.  The  relative  speed  of  the  parallel  alternators  is 
fixed,  so  that  a  change  in  excitation  cannot  change  the  load  except 
as  the  phase  shift  and  the  increased  magnitude  of  armature 
copper  loss  changes  the  power  delivered  to  the  external  circuit. 
When  alternators  are  paralleled  through  transmission  lines  or 
bus  reactances  a  greater  effect  on  load  division  is  produced  by 
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Fig.  143. — Unit  layout  for  the  Barbadoes  Island  station  of  the  Counties  Gas  and 
Electric  Company. 

excitation  changes  because  the  external  constants  of  the  circuits 
are  of  appreciable  magnitude. 


EFFECT  OF  STEAM  CHANGES 

When  one  alternator  is  connected  to  a  system  having  large 
capacity  with  automatic  control  of  bus  voltage  and  system  fre- 
quency, the  effect  of  increased  steam  admission  is  simply  to 
cause  a  sudden  jump  ahead  of  the  conductors  and  a  consequent 
phase  shift  until  the  increased  current  and  the  resultant  electrical 
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power  balance  the  applied  power.  The  armature  revolving  in 
the  field  might  thus  be  considered  a  flexible  couphng  which  has  a 
slight  play  and  is  controlled  by  the  applied  mechanical  power  or 
by  the  field  flux.  Increased  load  means  a  tightening  of  the 
coupling,  while  increased  excitation,  over  normal,  means  a  loosen- 
ing of  the  coupling. 

In  any  large  system  it  is  very  difficult  to  predict  the  behavior 
of  parallel  alternators  from  a  simple  physical  analysis,  but  a 
complete  solution  of  the  problem  can  be  obtained  by  the  use  of 
the  system  constants.  It  must  be  remembered  in  mathematical 
solutions,  however,  that  the  system  constants  so  called  may  be 
variables  under  different  load  or  transient  conditions  so  that 
mature  judgment  and  close  analysis  of  every  situation  or  problem 
are  required  to  obtain  a  reliable  solution. 

Grounded  Neutral  in  Parallel  Operation. — When  Y-connected 
alternators  are  operated  in  parallel  there  is  a  difference  of  poten- 
tial between  their  neutrals  equal  to  their  vector  phase  difference 
at  any  instant  and  if  the  neutrals  were  interconnected  or  grounded 
a  third  harmonic  current  would  circulate  between  them.  This 
might  be  sufficiently  large  to  cause  disturbances.  If  this  current 
is  to  be  prevented  the  neutral  of  only  one  generator  at  a  time 
can  be  grounded. 

Whether  the  neutral  should  be  grounded  in  any  case  depends 
on  operating  conditions: 

1.  If  uninterrupted  service  is  the  essential  condition — never 
ground. 

2.  If  voltage  strains  are  limiting  conditions — always  ground. 

3.  If  selective  action  is  needed  for  system  protection  and  con- 
trol— ground  through  a  resistance. 

The  use  of  a  resistance  in  a  ground  connection  is  often  ques- 
tioned, although  it  limits  the  current  on  one  phase  in  case  of  a 
short  on  the  phase.  It,  however,  gives  no  great  degree  of  voltage- 
strain-limitation  protection.  Reactance  instead  of  resistance  in 
the  ground  connection  may  introduce  high-frequency  surges 
and  is  little  used.  Of  late  many  systems  have  used  a  ground 
through  a  resistance  in  order  to  secure  protection  and  selectivity 
in  control. 

In  all  cases  of  grounding  a  true  ground  must  be  obtained  and 
maintained  or  very  dangerous  conditions  may  arise  because  line 
potential  is  brought  into  proximity  to  operators.  When  an 
overhead  ground  wire  is  used  in  connection  with  the  transmission 
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line,   it   affords   opportunity  for   maintaining   a   better   ground 
connection  by  connecting  the  ground  wire  and  the  station  ground. 


J   h 


Quantitative  Treatment. — In  order  to  treat,  in  a  quantitative 
manner,  the  parallel  operation  of  alternators  on  a  bus,  it  is  neces- 
sary to   derive   the   mathematical   expressions   involved.     The 
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derivation  is  based  on  alternators  in  parallel  on  a  bus  in  one 
station  without  any  appreciable  bus  reactance  or  resistance.  The 
machine  constants  are  assumed  to  consider  all  resistance  and 
reactance  to  the  point  of  paralleling.  Vector  algebra  is  used 
throughout  and  a  more  extended  treatment  will  be  found  in 
the  text  of  Professor  R.  E,.  Lawrence.^ 

E  =  bus  voltage,  /  =  load  current,  total,  Z  =  external  load 

E 
impedance  =  R  -{-  jX.     I  =  -y'  W  =  internal  power,  P  =  exter- 
nal power. 

1 1,  I2,  I3,  etc.  =  alternator  currents. 
ei,  62,  63,  etc.  =  induced  voltages  per  alternator  phase. 
r,  X,  and  z  =  alternator  internal  constants  per  phase. 
All  values  will  be  considered  phase  values. 

/  =  £i:Z-?  +  l^---^  +  !i^^etc.  (1) 

Zi  Z2  23 

and 
r,  _  ei(2i  +  32  +  .    ■    •)    ,  e2(ei  +  22+  •    •    •) 


also 

Zi        Zi  I 


2l  Z2 

'id 
23 


+  -^ :, -  I{Zi+Z2  +  Z3-\-    .     .     .)    (2) 


ei       1   \'ei(zi-\-Z2-\-   .   .    .)    ,62(2:1 +  2'2+  •    •    .) 


Zo  J 


Z'  Z2 

esizi  +  ZiA-  .   •    •) 
23 

Equation  (3)  is  the  general  equation  for  the  current  in  any 
one  alternator  when  connected  in  parallel  with  others  to  a  bus 
having  no  impedance. 

If  all  the  generated  voltages  are  equal,  Eq.  (3)  reduces  to 

j^  ^  (^1  +  ^2   ■    ■    ■)/  ^4^ 

2i 

or  the  current  divides  between  the  machines  in  the  ratio  of  the 
total  impedance  to  the  impedance  of  the  single  machine. 

In  two  similar  alternators  having  equal  constants  and  operating 
in  parallel,    Eq.  (3)  reduces  to 

(02  -  ei)    ,   /  ,-. 

^^  =  -^zT  +  2  (^^ 

1  Lawrence,  R.  R.,  "Principles  of  Alternating  Current  Machinery," 
McGraw-Hill  Book  Company,  Inc.,  New  York. 
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In  the  general  Eq.  (3),  if  the  circulating  components  are  due  to 
a  difference  in  magnitude  of  the  generated  voltages,  they  equalize 
the  terminal  voltages  through  armature  reaction  and  Iz  drops, 
but  if  the  components  are  due  to  the  generated  voltages  being  out 
of  phase,  they  tend  to  produce  synchronizing  power  to  bring  the 
machines  back  in  phase  as  well  as  to  equalize  the  terminal  volt- 
ages. In  the  event  there  is  a  power-limiting  reactance  iu  the 
bus  sections,  this  reactance  (Z)  must  be  considered  in  determining 
the  current  in  each  alternator. 

Any  circulating  component  of  current  /c  that  tends  to  be  present 
when  two  alternators  are  in  parallel  has  a  magnitude  equal  to  the 
vector  difference  in  the  generated  voltages  Sc  divided  by  the  total 
impedance  in  the  short-circuit  path  formed  by  the  bus  reactance 
X  and  the  armatures. 

_   ei  —  62    _         Be  .„s 

^'  ~  221-1- Z       2z,  +  X  ^^^ 

If  such  a  circulating  current  could  exist  it  would  produce 
generator  action  on  one  alternator  and  motor  action  on  the  other 
and  on  the  basis  of  the  tendency  for  such  an  energy  interchange, 
and  its  effect  on  producing  phase  displacements  and  circulating 
currents,  the  synchronizing  power  of  the  alternators  may  be 
explained.  The  synchronizing  power  is  greatest  for  inductive 
loads  on  constant  voltage  systems. 

In  terms  of  the  terminal  voltage  E  before  hunting  occurs  the 
synchronizing  power  for  two  identical  alternators  is  given  by  the 
equation 

P  _  ^'f-^  -^  (^'  -  ^')  „  _  ^ L ^^J^ 1    •  (n\ 

YL22  +       2^2  "     (7^2 +  X2)  "^  z\R^  +  X'')\  ^^^  "'  ^'^ 

where  «  is  the  angle  between  h  and  Cc  and  X  and  R  are  load  con- 
stants. The  first  term  of  Eq.  (7)  is  the  most  important  and  the 
second  becomes  zero  for  unity  power  factor  in  the  load. 

Under  short-circuit  conditions  on  one  alternator  the  synchro- 
nizing power  reduces  to  zero  and  the  alternator  falls  out  of  step. 
Let  R  and  X  equal  the  load  constants  and  a  the  angle  between 
the  generated  voltages  of  two  alternators  in  parallel. 

Then  the  synchronizing  power  between  two  identical  machines 
is 

^  =  2L.-2  -  (2/e+r)2-K2Z  +  xd  '^^  "'  ^'^ 
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where  e  is  the  generated  voltage.     At  short  circuit,  since  R  and 
Z  =  0, 

The  synchroscope  indicates  the  proper  phase  relations  and 
frequency  for  paralleling  alternators.  It  is  used  with  or  without 
lamps  as  an  additional  check  on  conditions.  It  has  been  modified 
in  many  ways  and  can  be  used  as  an  indicating  instrument  with  a 
ticker  and  tape  attachment  whereby  a  record  is  obtained  of  the 
efficiency  of  the  operators. 

The  synchroscope  is  really  a  small  motor  with  a  laminated 
field  structure.  The  field  is  excited,  through  step-down  potential 
transformers  and  a  resistance,  from  the  main  bus.  The  armature 
has  two  windings  displaced  90  deg.  in  space  and  is  connected  to 
the  generator  which  is  to  be  paralleled  on  the  main  bus.  One  of 
the  windings  is  connected  through  resistance,  the  other  through 
reactance  to  potential  transformers  which,  in  turn,  can  be  con- 
nected to  the  generator  synchronizing  bus  by  means  of  a  recep- 
tacle or  switch. 

The  armature  shaft  has  a  needle  mounted  at  the  face  end  of 
the  device  and  will  always  take  a  position  such  that  the  axis 
of  the  field  produced  by  its  windings  will  coincide  with  the  axis 
of  the  field  produced  by  the  field  winding  excited  from  the  main 
bus  when  the  latter  is  a  maximum.  The  needle  will  take  a  corre- 
sponding position  on  the  face  of  the  instrument.  The  reactance 
winding  on  the  armature  has  a  current  in  space  and  time  quadra- 
ture with  the  current  in  the  resistance  winding  on  the  armature 
and  with  the  generator  voltage.  The  field  current  is  almost  in 
phase  with  the  bus  voltage  because  of  the  series  resistance.  If 
the  generator  and  bus  voltages  are  in  phase,  the  current  in  the 
field  and  in  the  resistance  winding  on  the  armature  will  be  in 
phase  and  the  armature  will  rotate  until  the  fields  have  the  same 
axis.  For  180-deg.  phase  the  same  position  will  be  taken  as 
regards  fields  but  the  needle  will  indicate  a  reverse  direction.  If 
the  generator  and  bus  voltages  are  in  time  quadrature,  the  react- 
ance winding  will  take  the  position  formerly  taken  by  the  resist- 
ance winding.  At  intermediate  voltage  conditions  the  armature 
will  take  a  position  such  that  the  needle  indicates  an  intermediate 
position.  Thus,  as  the  generator  to  be  paralleled  is  adjusted  for 
paralleling,  the  armature  of  the  synchroscope  and  its  attached 
needle  will  indicate  phase  difference  by  its  position  and  frequency 
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difference  by  its  rotational  speed.  When  properly  connected, 
the  needle  indicates  accurately  the  moment  for  closing  the  main 
switch  which  parallels  the  generator  on  the  bus.     (Fig.  133). 

Generator  Protection,  Excitation  Systems  and  Control  Cir- 
cuits.— Continuity  of  service  is  the  keynote  in  all  operation,  and 
protective  devices  should  function  to  secure  this  condition  by: 

1.  Isolating  faulty  portions  of  a  power  system,  without  dis- 
turbing service,  when  trouble  arises, 

2.  Operating  only  when  the  magnitude  of  the  disturbance  is 
sufficiently  great  to  endanger  equipment. 

3.  Operating  only  when  the  time  duration  of  the  trouble  is 
sufficiently  great  to  endanger  equipment. 

The  protection  of  equipment  should  largely  be  considered  in 
its  design  because  the  less  auxiliary  apparatus  and  wiring  used  in 
connection  with  any  piece  of  equipment  the  less  the  opportunity 
for  trouble,  because  the  auxiliary  wiring  and  devices  in  themselves 
introduce  new  hazards. 

The  generator  is  the  primary  device  in  power  production  and 
must,  of  necessity,  be  disconnected  from  the  power  system  only 
as  a  last  resort.  Also  it  is  operating  in  the  plant  where  operators 
observe  its  condition  at  frequent  intervals  and  can  control  it 
and  change  load  conditions  very  quickly.  Another  element  is 
that  in  generator  design  the  protective  element  can  be  incor- 
porated to  a  great  degree  without  changing  costs,  efficiency  or 
performance  characteristics  to  any  great  extent. 

Reactance  is  one  great  source  of  protection  in  generator  design. 
It  is  essential  for  stable  parallel  operation  and  at  the  same  time 
acts  to  choke  out  current  when  short  circuits  occur.  It  is  far 
greater  in  value  than  resistance  in  most  generators  and  in  some 
slow-speed  water-wheel  units  is  so  large  as  to  hold  down  the 
current  under  short-circuit  conditions  to  about  2.5  times  normal 
full-load  value.  Temperature  indicators,  high-grade  insulating 
materials  and  field  control  also  protect  the  generator. 

Under  short-circuit  conditions  the  current  for  the  first  few 
cycles  may  be  very  much  greater  than  the  sustained  value  at 
the  end  of  the  transient  period.  This  immense  current  and  its 
flux  may  react  on  the  direct-current  field  circuit  to  accentuate 
the  effect  since  the  field  has  an  induced  voltage  from  the  armature 
that,  in  accordance  with  Lenz's  law,  tends  to  maintain  and  even 
to  increase  the  induced  voltage  in  the  armature.  This  results 
in   the   advisabihty   of   incorporating   in   the    main    protective 
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device  an  auxiliary  device  which  will  open  the  direct-current 
field  circuit. 

Another  element  in  generator  protection  is  the  fact  that  the 
induced  voltage  available  to  produce  a  short-circuit  current  will 
depend  in  magnitude  upon  the  part  of  the  winding  in  which  a 
short  circuit  or  ground  occurs.     For  example,  in  a  Y-connected 


Fig.  145. — Electrical  layout  for  the  Delaware  station  of  the  Philadelphia  Electric 
Company. 

generator  with  neutral  grounded  a  ground  at  the  end  of  the  wind- 
ing (toward  bus)  would  have  full-phase  induced  voltage  back  of 
it,  but  if  the  ground  occurred  near  the  neutral  the  phase  induced 
voltage  would  be  small  in  magnitude  because  but  few  turns  pro- 
duce a  voltage  of  magnitude  and  direction  to  force  current 
through  the  ground  circuit.  Also  in  the  operation  of  generators 
in  parallel,  trouble  on  one  unit  will  cause  the  other  units  to  pour 
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their  kilovolt-amperes  into  the  fault  unless  proper  precautions 
are  taken. 

Usual  practice  and  conditions  of  service  require  the  generator 
to  remain  connected  to  the  bus  unless  the  trouble  is  very  great  or 
unless  the  machine  can  be  disconnected  readily  without  disturb- 
ing the  system  service. 

The  generator  usually  is  connected  to  the  bus  by  means  pf  a 
motor  or  solenoid-operated  oil  breaker  or  switch  which  has  a 
solenoid  trip  coil  circuit.  The  auxiliary  protective  devices  func- 
tion to  energize  the  tripping  solenoid  on  the  oil  breaker  by  closing 
contacts  which  permit  a  direct-current  circuit  to  flow  to  the  trip 
coil  on  the  solenoid  or  alternating  current  to  flow  to  the  trip 
solenoid  in  the  alternating-current  trip  type  of  breaker  or  to  ring 
a  bell  alarm  to  attract  the  attention  of  the  operators  or  to  remove 
excitation  from  the  generator  in  trouble.  These  auxiliary  devices 
must  be  actuated  by  the  main  generator  alternating-current  lines 
and  are  called  relays.  They  are  of  several  types  and  may  have 
time  adjustments  for  instantaneous  action,  definite  time  action  or 
action  whose  time  is  inversely  proportional  to  the  magnitude  of 
the  disturbance.  Incorporated  with  these  relays,  an  auxihary 
relay  is  often  used  to  open  the  field  of  the  generator. 

The  general  types  of  protective  devices  may  be  outlined  as 
follows : 

1.  Overload 

2.  Directional 

3.  Leakage 

4.  Reactance 

5.  Temperature 

6.  Balanced 

The  best  method  of  protecting  a  generator  on  a  grounded  sys- 
tem is  to  bring  out  both  ends  of  its  winding  so  that  balanced 
protective  relays  may  be  used.  This  gives  protection  from  one 
end  of  a  generator  winding  to  the  breaker  leads  for  all  sources  of 
trouble  that  may  occur  except  early  faults  between  turns  of  the 
same  winding  and  yet  insures  the  generator  remaining  on  the 
system  under  all  other  operating  conditions.  Current  trans- 
formers are  placed  on  the  two  ends  of  each  phase  winding  and 
the  secondary  circuits  of  the  current  transformers  in  each  phase 
are  connected  in  series  with  a  special  relay  connected  across  the 
secondary  wires  of  each  phase.     Normally,  no  current  flows  in 


or      combinations      with      instantaneous, 
definite  or  inverse  time  settings. 
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the  relay,  but  if  a  fault  occurs  a  current  unbalance  sets  up  a 
secondary  current  through  the  relay  which  will  operate  at  a  pre- 
determined time  and  degree  of  current  magnitude  to  trip  the 
generator  from  the  circuit.  An  auxiliary  switch  on  the  main 
breaker  in  turn  actuates  the  field  switch  on  the  generator  and 
removes  the  excitation. 

In  some  stations  the  transformer  bank  and  the  generator  are 
considered  a  unit  and  balanced  overall  protection  is  used,  but 
in  other  cases  both  the  generator  and  the  transformer  bank 
have  balanced  or  differential  protection.     And  the  transformer 


Fig.  146. — A  house-service  gallery  in  a  modern  station. 

bank  nearly  always  is  provided  with  a  definite  time-limit  relay  of 
the  induction  or  thermal  type  to  care  for  overloads. 

This  type  of  balanced  or  differential  protection  can  be  made  to 
operate  on  very  small  unbalanced  current  and  thus  is  superior  to 
the  directional  or  reverse-energy  type  of  relay  protection  used 
where  the  ends  of  the  phase  windings  are  not  available.  For 
overload  conditions  on  a  generator,  definite  time  relays  may  be 
used,  but  operators  generally  prefer  to  have  non-automatic 
operation  of  breakers  when  overloads  occur. 

With  the  balanced  protection  system,  in  order  to  balance  each 
circuit  and  to  adjust  each  relay  a  set  of  compensating  coils  or 
auto-transformers    are    sometimes    used,    in    which    case    each 
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secondary  transformer-circuit  relay  and  compensating  coil 
forms  a  separate  circuit. 

The  protection  of  the  generator  by  temperature  relays  involves 
the  use  of  thermo-couples  and  a  relay  that  is  actuated  by  a  change 
in  temperature.  This  relay  closes  a  bell  alarm  or  lamp  circuit 
which  attracts  the  attention  of  the  operator  to  the  machine. 
All  large  machines  have  thermo-couples  installed  and  the  tem- 
perature readings  and  the  temperature  relay  are  splendid  supple- 
mentary protective  devices  which  care  for  all  normal  overload 
protection. 

External  reactors  are  used  but  little  in  generator  circuits  for 
protective  purposes,  but  the  bus  layout  reactors  are  used  to 
advantage  to  sectionalize  the  bus  and  limit  the  transfer  kilovolt- 
amperes  in  parallel  operation.  In  neutrals  of  generators,  reactors 
can  be  used  to  advantage  to  protect  the  individual  machines 
where  a  grounded  neutral  system  and  a  ground  bus  are  used. 

Excitation  Systems. — The  excitation  system  in  the  power  plant 
is  one  of  the  most  important,  as  the  whole  plant  operation  is 
tied  up  to  it.  The  object  in  installing  an  excitation  system  is  to 
get  the  simplest,  strongest  and  most  reliable  system  for  the  given 
plant  at  a  reasonable  cost.  Too  many  controls  and  refinements 
only  add  another  weakness — the  general  principle  is  to  install 
a  few  independent  units  in  such  a  manner  that  excitation  cannot 
fail  under  any  condition. 

Exciters  should  be  specially  designed  machines  of  the  shunt 
non-interpole  type  which  are  worked  at  low  densities  and  yet 
give  stable  voltages.  The  exciter  units  may  or  may  not  have 
automatic  voltage  regulation.  The  exciters  must  be  designed 
to  give  a  quick  response  to  the  regulator  control  to  prevent 
regulator  hunting  and  must  be  stable  as  regards  voltage  to  prevent 
voltage  fluctuation.  At  the  same  time  if  the  magnetization 
curve  is  a  straight  line,  an  unloaded  high-capacity  line  may  cause 
overexcitation  of  the  alternator  connected  to  it  and  give  rise  to 
voltage  instability  in  the  exciter. 

The  excitation  capacity  should  be  sufficient  to  excite  all  the 
machines  in  the  plant  under  conditions  of  maximum  load  and 
minimum  power  factor.  It  is  usually  based  on  maximum  load 
at  80  per  cent  power  factor  and  about  20  per  cent  is  added  for 
variations.  The  amount  of  reserve  can  be  determined  only  for 
the  individual  case.  In  some  cases  the  maximum  size  of  the 
exciter  is  determined  by  the  rating  of  the  largest  alternator  and 
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in  others  the  largest  exciter  is  to  carry  the  entire  plant  excitation. 
This  practice  will  vary  with  the  system  of  excitation  used. 

The  two  standard  exciter  voltages  are  125  and  250  and  the 
latter  is  preferred  for  large  plants,  as  the  higher  voltage  means 
less  cost  and  less  complication  with  increased  reliability  in 
operation.  When  the  excitation  current  gets  to  a  magnitude  of 
about  800  amp.  there  is  great  difficulty  in  getting  proper  brush 
action  so  that  250-volt  excitation  is  better.  Even  higher 
excitation  voltages  are  projected  as  feasible.  The  range  of 
voltage  required  on  the  individual  exciter  may  be  as  great  as  3 
to  1  and  the  voltage  regulator  or  field  rheostat  must  care  for 
this  condition.  The  shunt-wound  exciter  is  preferred  to  elimi- 
nate reversal  of  polarity  and  to  simplify  the  operation  of  parallel 
exciters. 

A  fundamental  idea  in  the  installation  of  an  excitation  system 
is  to  consider  the  future  growth  of  the  plant  and  changes  in 
the  design  of  machines.  Flexibility  and  room  to  expand  are 
primary  considerations. 

The  percentage  excitation  usually  necessary  for  a  given  kilvolt- 
ampere  is  supplied  with  machines  purchased  and  the  variation 
of  field  current,  etc.  under  load  conditions  can  be  determined. 

Three  Types  of  Excitation  Systems. — There  are  three  general 
excitation  systems  used  in  this  country: 

1.  Common  bus  system. 

2.  Individual  exciter  system. 

3.  Combination  or  duplex  system. 

In  the  common  bus  system  of  excitation  all  the  alternator 
fields  are  connected  to  a  common  excitation  bus.  The  voltage 
on  each  machine  may  or  may  not  be  controlled  by  an  automatic 
regulator  having  multiple  control  contacts.  In  some  cases 
duplicate  exciter  buses  are  used  to  give  increased  reliability  and 
flexibility,  but  this  practice  is  questioned.  Frequently,  a  battery 
reserve  is  used  on  the  exciter  bus  as  a  reserve  to  maintain  the 
excitation  on  the  system  for  from  10  min.  to  1  hr.  when  normal 
excitation  fails.  When  a  battery  is  floated  on  the  bus  and  auto- 
matic voltage  regulation  is  used,  series  boosters  are  needed.  The 
advantage  of  the  common  bus  system  lies  in  the  fact  that  it 
concentrates  the  excitation  in  a  few  large  machines,  results  in 
small  space  and  few  cables  and  is  simple  in  operation  under 
normal  conditions.  The  disadvantages  lie  in  the  fact  that  the 
system  is  inflexible,  complicated  and  unrehable  under  abnormal 
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operating  conditions  and  is  uneconomical  for  large  stations.  A 
slight  degree  of  trouble  on  the  bus  or  at  any  point  in  the  system 
will  cause  trouble  on  the  whole  system  and  trouble  in  the  regu- 
lator will  affect  the  excitation  of  all  machines.  Also  it  does  not 
lend  itself  to  the  unit  system  of  power  plant  installation  and  is 
not  flexible  as  regards  changes  and  developments.  This  system 
was  an  early  development  and  is  rapidly  becoming  obsolete. 

In  the  common  bus  system  the  exciters  can  be  driven  in  many 
ways.  A  motor-driven  exciter  is  frequently  used  and  the  motor 
gets  its  energy  from  the  main  bus  or  from  a  house  turbo-generator. 
When  the  main  bus  is  used  for  the  excitation  power  supply, 
any  trouble  on  the  system  affects  the  exciters  and  also  another 
excitation  source  must  be  provided  to  start  the  plant.  When 
separate  turbo-generators  are  available,  the  excitation  is 
unaffected  by  system  changes  but  the  question  of  the  heat  balance 
and  operating  economy  involved  in  the  use  of  a  small  turbine  is 
introduced.  In  general,  it  is  bad  practice  to  use  the  excitation 
bus  for  any  other  purpose  than  for  excitation,  but  in  some 
cases  the  exciter  power  supply  is  used  for  direct-current  auxiliary 
service.  In  the  common  bus  system  where  the  exciters  are 
driven  by  the  main  units  and  connected  to  the  excitation  bus, 
any  change  in  conditions  at  a  main  unit  affects  the  whole  excita- 
tion system  and  the  voltage  fluctuations  are  a  double  function 
of  the  speed.  Also  transient  high  voltages  introduced  in  the 
field  of  any  generator  may  be  introduced  into  the  complete  exci- 
tation system.  This  system  also  requires  the  largest  capacity 
in  storage-battery  reserve,  although  it  may  have  the  lowest 
maintenance  cost,  as  few  units  are  used. 

Another  system  is  called  the  "individual  excitation"  system 
and  it  is  used  very  frequently  in  Europe,  and  present  tendencies 
in  this  country  point  to  unit  plant  design  and  the  individual 
system  of  excitation.  In  this  system  each  generator  has  its  own 
exciter  and  regulator  or  field  rheostat. 

The  exciter  may  be  driven  by  the  generator,  by  an  induction 
motor  supplied  from  the  main  bus  or  house-service  bus,  or  by  a 
direct-connected  or  geared  turbine.  In  hydro  plants  usually  the 
exciters  are  driven  by  the  main  generators,  and  this  is  also  the 
practice  in  steam  plants  of  large  size.  In  this  system  each  exciter 
is  large  enough  to  carry  one  unit  and  at  most  two  units.  The 
advantages  of  the  system  are  that  it  gives  greater  safety  and 
reliability   under  abnormal   and   normal   conditions.     It   tends 
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toward  operating  simplicity  and  is  adaptable  to  automatic  and 
remote  control.  It  involves  a  small  amount  of  low-voltage  power 
at  each  main  unit  and  requires  the  smallest  field  rheostat  for  each 
alternator  field.  There  is  no  necessity  for  the  use  of  any  rheostat 
in  the  alternator  field  under  certain  operating  conditions  and 
the  exciter  auxiliary  and  control  apparatus  may  be  located  near 
the  main  unit,  which  makes  the  installation  less  compHcated, 
more  reliable  and  more  economical. 

The  combination  of  the  common  bus  system  and  the  individual 
system  has  many  advantages  and  the  so-called  duplex  drive  for 
exciters  is  very  good  from  a  reliability  standpoint  in  that  excita- 
tion is  available  no  matter  what  happens  in  the  main  electrical 
system.  In  the  duplex  drive,  for  normal  operation,  depending 
on  heat  balance,  a  motor  carries  the  excitation  load,  but  under  a 
failure  of  speed  a  turbine  picks  up  the  excitation  load.  A  combi- 
nation of  individual  drive  with  duplex  drive  for  reserve  seems 
to  offer  most  advantages  for  large  systems  where  reliability  and 
simplicity  are  primary  features. 

Some  typical  excitation  systems  are  shown  in  Fig.  140  and  for 
specific  plants  many  variations  in  mechanical  assembly  and 
installation  will  be  found.  A  very  economical  installation  is  to 
locate  the  exciter  field  rheostats,  the  generator  field  rheostats  and 
the  exciter  panel  very  near  the  generator  when  using  the  individ- 
ual exciter  system  with  the  excitation  generator  on  the  shaft  of 
the  main  unit.  A  late  type  of  installation  uses  a  mezzanine  floor 
just  under  the  main  turbine-room  floor,  as  this  makes  for  a  mini- 
mum of  control  wiring  cost  and  great  operating  reliability.  Each 
generator  has  its  own  exciter  bus  and  panel  with  breakers,  usually 
carbon,  remotely  controlled  from  the  main  generator  panels  and 
with  a  remotely  controlled  motor-operated  exciter  field  rheostat. 

Voltage  Regulation. — Hand  regulation  of  voltage  predominates 
in  large  stations  supplying  metropolitan  areas  and  having  auto- 
matic feeder  voltage  regulators.  For  plants  supplying  fluctuat- 
ing heavy  power  loads  and  those  connected  to  high-tension  lines 
some  form  of  automatic  voltage  regulation  is  used.  For  the 
automatic  regulation  it  is  customary  to  use  Tirrell  types,  although 
motor-operated  face-place  rheostats  are  also  used.  The  usual 
Tirrell  type  of  regulator  utilizes  an  alternating-current  control 
solenoid,  a  direct-current  control  solenoid,  relays  and  exciter 
field  contacts.  In  the  KR  system  of  regulation  a  series  booster 
is  interposed  between  the  individual  exciter  or  exciter  bus  and 
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the  alternator  field  in  order  to  give  a  wide  range  of  excitation 
voltage. 

Control  System. — The  control  wiring  in  a  station  must  be 
absolutely  reliable,  easily  repaired  and  flexible  to  changes.  A 
high  degree  of  segregation  should  be  maintained,  and  exposed 
conduit  is  to  be  preferred  to  placing  control  conduits  in  floors  or 
walls.  In  the  very  large  plants  separate  control  feeders  should  be 
supplied  to  all  equipments  and  often  duplicate  feeders  are 
installed.  On  many  control  circuits  there  is  a  great  difference  in 
the  energy  required  on  closing  and  on  opening  operations  and 
each  circuit  may  be  divided  into  two  parts — one  part  heavily 
fused  and  the  other  part  lightly  fused  but  coming  from  a  common 
switch.  A  still  further  degree  of  reliability  is  obtained  by  using 
double-pole  switches,  double-control  buses  and  either  two  batteries 
and  one  charging  set  or  one  battery   and   two   charging   sets. 

The  control  circuits  should  be  supplied  from  batteries  and  two 
or  more  sources  of  supply  should  always  be  available.  The 
control  wires  should  be  installed  so  as  to  be  protected  from  any 
faults  occurring  in  power  circuits  and  should  be  accessible  for 
quick  repairing  and  testing.  It  is  usual  to  use  125  or  250  volts 
for  the  control  circuits  and  most  reliable  operation  is  obtained 
when  duplicate  control  circuits  are  installed  to  all  equipment, 
including  the  low-tension  auxiliaries  and  exciters.  If  possible, 
it  is  advisable  to  arrange  a  separate  room  or  at  least  separate 
panels  for  the  control  wires,  so  that  test  clips,  labels  and  fuses  can 
be  readily  accessible  and  changes  can  be  made  without  disturbing 
other  station  operations. 

Protection  and  Control  of  Other  Equipment. — Common  prac- 
tice uses  2,300- volt  induction  or  synchronous  motors  for  the  larger 
auxiliary  installations  and  a  typical  protective  scheme  for  these 
motors  is  to  use  the  same  type  of  balanced  protection  as  used  on 
the  generators  without  any  overload  or  undervoltage  protection, 
so  that  no  transient  disturbances  will  affect  operation  and  the 
essential  auxiliaries  will  stay  on  the  line.  Commonly,  these 
motors  are  electrically  controlled  from  push-button  stations 
located  near  each  motor,  and  in  some  cases  dupHcate  remote 
control  stations  are  located  in  main  control  rooms. 

For  smaller  alternating-current  motors  a  lower  voltage  is 
usually  provided  and  carbon  circuit  breakers  and  knife  switches 
serve  for  protective  devices. 


CHAPTER  X 
SWITCH  HOUSE  AND  SWITCHBOARDS 

The  switch  house  of  the  modern  central  station  is  the  center 
of  the  electrical  system.  It  is  the  place  where  the  energy  is 
controlled,  metered  and  dehvered  to  outside  circuits.  It  gives 
the  station  operators  control  of  the  main  units,  the  exciters,  the 
feeders,  the  oil  breakers,  the  auxiliary  and  house  services  and,  in 
some  degree,  control  of  the  boiler  room.  It  contains  the  metering 
and  protective  equipment  and  in  addition  the  bus  bars,  the 
switches,  the  breakers,  the  main  switchboards,  the  test  devices 
and  the  reactors. 

The  design  of  a  particular  switch  house  and  the  choice  of 
equipment  to  be  installed  depend  on  the  type  of  plant,  the 
capacity  and  voltage  of  the  plant  and  the  local  conditions  as  to 
demands  for  service  rehability  and  quality.  A  steam  standby 
station  for  a  hydro-electric  system  which  feeds  high-tension  lines 
may  have  a  very  simple  switch  house  with  the  generator  leads 
positively  connected  to  the  low-tension  side  of  the  transformers 
located  outside  the  station.  Auxiliary  and  excitation  control 
in  this  type  of  station  will  be  minimized  and  localized  at  each  unit. 
A  hydro-electric  plant  feeding  high-tension  lines  may  also  have  a 
very  simple  interior  switching  arrangement  based  on  the  opera- 
tion of  generators  and  transformers  as  a  unit.  But  when  stations 
become  very  large  or  have  many  feeders  or  lines  to  supply,  there 
is  a  necessity  for  an  elaborate  installation  to  handle  the  low- 
tension  energy,  and  every  precaution  is  used  to  secure  an 
economical,  safe  and  easily  operated  station. 

The  governing  idea  in  designing  a  switch  house  is  to  secure 
reliable  service  and  a  direct  route  for  the  energy  from  the  genera- 
tor to  the  outgoing  feeder.  But  these  requirements  are  met 
with  difficulty,  for  the  switch  house  must  contain  a  very  large 
amount  of  equipment  in  order  to  give  adequate  energy  control 
and  sufficient  operating  data.  Oil  breakers,  bus  bars,  disconnect 
switches,  instrument  transformers,  switchboards,  control  wiring, 
meters  and  relays,  reactors  and  test  equipment  must  be  used 
and  installed. 
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A  fire  wall  usually  separates  the  switch  house  from  the  turbine 
room  proper  and  the  designer  attempts  to  secure  a  minimum 
building  cost  by  placing  heavy  equipment  on  the  lower  floors. 
It  also  is  desirable  to  design  the  installation  so  that  the  failure 
of  any  piece  of  equipment  or  any  circuit  will  not  result  in  service 


Fig.  149. — Reactor  compartment  arrangement  where  phases  are  grounded. 

interruptions  on  a  large  scale  or  produce  fires  or  hazards  to  the 
operating  force. 

Bus  Arrangements. — Two  general  arrangements  are  used  in 
the  design  of  switch  houses:  (1)  grouped  phases  and  (2)  isolated 
phases.  In  the  commonly  used  grouped-phase  arrangement  it  is 
customary  to  bring  the  generator  leads  through  a  three-phase 
oil  breaker,  disconnects  and  instrument  transformers  to  three- 
phase  bus  bars  placed  horizontally  or  vertically  in  a  bus  gallery. 
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In  the  isolated-phase  arrangement  each  phase  of  the  generator 
is  isolated  with  its  corresponding  switching  and  protective 
equipment  in  compartments  separated  by  fire  walls.  Outgoing 
circuits  are  connected  to  the  phase  bus  bars  through  reactors 
and  are  isolated  from  each  other  in  the  same  manner.  The 
phase  isolation  is  used  to  reduce  the  chance  of  short  circuits 
inside  the  station  and  either  a  horizontal  or  vertical  separation 
may  be  used,  depending  on  conditions.     The  vertical  isolation 


Fig. 


150. — Arrangement  for  a  11,000- volt,  three-phase  bus  using  special  insu- 
lators.    Hartford  Electric  Light  Company. 


predominates  in  existing  stations  using  phase  isolation  because 
it  requires  less  ground  area,  less  complexity  in  switching  and 
less  investment.  The  height  required  for  vertical  isolation  is 
not  objectionable  since  the  boiler  and  turbine  rooms  also  require 
high  buildings. 

With  the  vertical  phase  isolation  it  is  possible  to  make  several 
arrangements  of  the  equipment.  The  operating  room  may  be 
placed  either  at  the  top  of  the  switch  house  or  on  the  ground 
floor,  and  the  heavy  oil  breakers  also  may  be  placed  either  on  a 
lower  or  on  an  upper  floor.  The  operating  rods  and  bell  cranks 
of  oil  breakers  are  located  on  the  vertical  walls  of  the  mechanism 
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aisles  and  the  cables  pass  from  floor  to  floor  through  conduits 
placed  in  the  walls  and  end  in  a  cable  room  on  the  ground  floor, 
or  in  the  basement  for  stations  supplying  underground  feeders. 
Grouped-phase  Arrangements. — Many  different  arrangements 
of  bus  and  circuit  breakers  are  used  in  stations,  and  local  condi- 
tions govern  decisions  as  to  the  best  arrangement  to  use.     Also  the 


Fig.   151. — A  group  of  13,200-volt  oil  breaker  cells  in  a  switch  house.     The 
Philadelphia  Electric  Company. 


magnitude  of  the  loads  to  be  handled,  the  number  of  feeders, 
the  type  of  oil  breakers  used,  the  type  of  switchboard  used  and 
the  general  arrangements  of  other  equipment  influence  the 
electrical  layout.  In  general,  it  is  necessary  to  provide  a  fireproof 
room  for  bus  bars,  oil  breakers,  instrument  transformers  and 
disconnect  switches.  Another  room  must  be  provided  for  the 
switchboard  proper  and  still  other  rooms  for  the  station  battery, 
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outgoing  feeders  if  the  service  is  underground  and  testing  equip- 
ment. Various  other  rooms  are  required,  such  as  offices,  storage 
rooms,  shops  and  auxihary  switchboard  rooms.  And  if  the  voltage 
is  stepped  up  inside  the  station,  the  tranformers  and  high-tension 
bus  bars,  switches,  etc.,  must  be  located  in  the  switch  house. 
Bus-bar  compartments  are  built  of  concrete  or  brick  and 
rest  upon  the  floor,  generally  with  a  vertical  arrangement  of  the 


Fig.  1.52. — The  switch  room  of  the  Oklahoma  Power  Company  in  its  Wi 
station. 


Tulsa 


buses.  Oil  breakers,  disconnect  switches  and  instrument 
tranformers  are  placed  near  the  bus  bars  and  utilize  the  bus 
compartment  structure  for  support.  The  bus-bar  compartments 
usually  have  walls  about  4  in.  thick  and  soapstone,  slate,  brick 
or  concrete  are  used  to  make  horizontal  divisions.  Doors  are 
placed  on  the  compartments  and  are  equipped  with  locks  or  other 
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safeguards  to  insure  that  all  parts  in  the  compartment  are  dead 
when  an  operator  opens  a  door.  Views  of  typical  arrangements 
are  shown.     H.  A.  Travers^  has  shown  other  installations. 

Standard  bus-bar  ratings  have  been  adopted  by  the  Electric 
Power  Club,  based  on  40°C.  ambient  temperature,  as  indicated 
in  the  curves  of  Fig.  161.     These  curves  are  to  be  used  for  cur- 
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Fig.  153. — A  15,000-volt,  safety,  enclosed,  removable-truck  type  of  switchboard, 
General  Electric  Company, 


rents  not  exceeding  3,000  amp.  The  spacing  between  laminations 
is  )^  in.,  each  lamination  being  }.i  in.  thick.  A  spacing  of  8  in. 
is  left  between  phases.  A  minimum  contact  pressure  of  250  lb. 
per  square  inch  is  specified  for  bolted  or  clamped  connections  and 
a  maximum  operating  temperature  of  70°C.  is  to  be  used  in  the 
design  of  the  bus  bars  and  their  connections  for  the  general  case. 

1  "Switchboards  and  Switchgear  for  A.  C.  Power  Stations,"  Publication 
Department,  Westinghouse  Electric  &  Manufacturing  Co. 
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Enclosed  or  Dead-front  Installations. — A  now  iiiul  very  popu- 
lar arrangonicnt  for  bus  bars  and  breakers  is  illustrated  in  Fij^. 
15.3.  This  is  a  steel  compartment  with  a  removable  truck  con- 
taining tlie  oil  breaker  and  instruments.  It  costs  about  the  same 
as  the  ohler  typ(!  of  instMlhition  and  has  many  advanta,ses  as 
r(>fii;ards  safety,  comijactness  ;ui(l  ease  of  re{)air.      It  combines  in 


Vn).   irA.—  UuH  S(>l(>ct()r  i;{,()()()-v(>lt,  swilcli  colls  as  iiistallcil  for  (he  Philndclphiji 
Electric  Conipimy.     Doors  arc  romovod  from  oiio  swilcii. 

one  unit  the  switchboard,  oil  breaker  and  meters  and  is  particu- 
larly well  adapted  to  unit  installations  where  no  generator  bus  is 
used  and  to  feeder  scM'vice. 

Isolated -phase  Switch  Houses. — Th(>  }i;eneral  scheme  for 
isolated  phases  in  switch  houses  was  devised  by  B.  G.  Jamison, 
of  the  Conunonwcalth  Edison  Company,  and  has  been  applied 
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to  sovoral  largo  stations.  l'Ap(Mi(MU'(>  iiuli('aX(\s  that  it  j)revents 
intorphase  short  circuits,  rociuiros  no  {2;reator  space  dimensions 
than  the  p:i"<>"P-pl^'^!^<'  arranj^enient  and  costs  no  more.  The 
scheme  should  be  arranged  so  that  energy-limiting  reactors  are 
located  on  each  phase  at  such  points  that  there  is  no  proximity  of 


Fiu 


155.— ll.OOO-volt,  oil  1.1 
by  (lu-  JI: 


•:ik(M-.s  nnd  disconnect  switcli  (•( 
itford  Elootric  Light  Coinpsuiy. 


phases  except  beyond  energy-limiting  reactors.  It  is  applicabU; 
to  stations  requiring  simjile  as  well  as  complicated  swit.ching 
requirements  and  has  proved  very  satisfactory  in  service.  Fig\irc 
162  shows  the  arrangement  used  in  the  ('alumet  station  of  the 
Commonwealth  l^^dison  Company  in  Chicago.  In  Figs.  If)!)  and 
157  are  shown  single-line  diagrams  of  circuits  and  plans  and 
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sections  of  isolated-phase  stations  as  proposed  by  P.  M.  Currier 
and  W.  T.  O'Connell.^     Other  stations  are  shown. 

In  using  isolated-phase  arrangements,  reinforced-concrete 
buildings  are  preferred  to  structural-steel  buildings  because  less 
eddy  currents  and  hysteresis  losses  result  from  the  induction 
resulting  from  the  single-phase  conductors.  All  loops  must  be 
carefully  avoided  on  this  account,  and  careful  grounding  and 
bonding  of  all  metal  structures  are  necessary  precautions.  In 
some  cases  copper  hands  should  be  placed  around  steel  structures 
forming  vertical  loops  at  right  angles  to  the  bus  bars. 
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Fig.  156. — Single-line  diagram  of  connections  and  corresponding  switch-house 
arrangements. 

The  complete  isolation  involves  the  use  of  separate  rooms  and 
fire  walls  for  main  buses,  oil  breakers  and  auxiliary  buses  of  the 
same  phase  and  in  some  cases  reactors  are  also  isolated.  The 
operating  mechanism  and  disconnect  switches  are  also  isolated 
from  the  breaker  compartments.  Each  group  of  equipment  is 
also  separated  by  necessary  fire  walls  in  a  transverse  direction. 
In  general,  the  control  room  is  best  located  adjacent  to  the 
mechanism  floor  in  order  to  reduce  the  lengths  of  control  runs,  but 
the  arrangements  sometimes  call  for  the  location  of  the  control 
room  above  the  mechanism  rooms  or  over  the  auxiliary  and  house- 

1  "Isolated  Phase  Arrangement  of  Switching  Equipment,"  General  Elec- 
tric Review,  June,  1923. 


SWITCH  HOUSE  AND  SWITCHBOARDS 


291 


service  room  in  order  to  obtain  space  for  conduits  and  a  highly 
desirable  control  circuit  test  and  terminal  room  beneath  the  main 
control  room.  Connections  in  the  main  circuits  are  made  with 
copper  bars  or  pipes  and  these  connections  must  be  heavy  and 
strong  and  without  abrupt  bends.  In  some  cases  the  bars  or 
pipes  are  insulated  with  micarta,  which  increases  their  strength 
and  adds  to  the  safety  of  operators.  ^ 
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Fig.  157. — A  one-line  diagram  of  a  complicated  but  very  common  type  of 
circuit.  The  feeders  have  reactors  and  are  grouped  with  two  selector  switches 
for  each  group  of  two  or  more  feeders.  Each  generator  circuit  has  a  main  oil 
circuit  breaker,  two  selector  oil  circuit  breakers  and  a  reactor.  Thus  there  are 
two  breakers  in  series  in  every  circuit.  A  section  of  a  vertical  isolated-phase 
switch  house  corresponding  to  this  arrangement  of  equipment  is  shown  at  left 
and  a  plan  at  the  right. 

Disconnect  switches  are  usually  gang  operated  by  hand  or 
motor  and  interlocked  with  the  breakers  so  that  they  cannot  be 
operated  when  the  breakers  are  closed.  Three  potential  trans- 
formers for  metering  can  be  connected  Y  on  primary  and  second- 
ary, if  there  is  only  one  system  ground,  but  if  more  than  one 
system  ground  is  used,  then,  if  a  ground  is  available,  two  trans- 
formers can  be  connected  from  bus  to  ground  or,  if  no  ground  is 
available,  three  transformers  in  Y  with  variable  impedances  can 
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Fig.  158. — Main  connections  and  cross-section  of  the  isolated-phase 
switch  house  in  Edgar  station  of -the  Edison  Electric  Illuminating  Company 
of  Boston. 
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Fig.  159.— Design  details  of  switch  house  in  Waukeegan  station  of  the  Public 
Service  Company  of  Northern  Illinois.  Figs.  lA  and  IB,  elevation  and  section 
of  potential  transformer  compartments;  Figs.  2  and  3,  bus  and  line  sections 
through  switch  house;  Figs.  4A  and  45,  section  and  elevation  of  auxiliary  service 
bus  mounting;  Figs.  5A,  5B  and  5C,  east  elevation  section  and  west  elevation  of 
main  bus. 
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be  used  to  obtain  an  artificial  system  neutral.  Bushing-  or  bar- 
type  current  transformers  can  be  used  as  desired.  Ground 
and  test  bus  locations  and  reactor  arrangements  depend  on  local 
conditions  and  building  layouts. 

Typical  layouts  for  vertical-phase  isolation  are  found  in  the 
Calumet  station  of  the  Commonwealth  Edison  Company,  in  the 


Fig.  160. — Oil  circuit  breaker  and  disconnect  switch  arrangement  for  isolated- 
phase  operation,  Commonwealth  Edison  Company. 

Cahokia  station  of  the  Union  Electric  Light  and  Power  Company 
of  St.  Louis  and  in  the  Avon  station  of  the  Cleveland  Electric 
Illuminating  Company.     (See  Figs.  162,  163  and  177.) 

Switchboards. — Switchboards  in  power  plants  serve  to  localize 
control  and  metering  and  they  take  many  forms.  In  general, 
there  are  three  types:  (1)  auxihary-service  boards,  (2)  main 
switchboards,  (3)  metering  and  relay  switchboards. 
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The  auxiliary-service  switchboards 
are  of  the  panel  or  deadfront-unit 
enclosed  types  and  may  be  located 
where  desired .  In  a  uni  t  system  there 
will  be  service  boards  in  the  boiler 
room  and  at  each  major  auxiliary.  In 
other  stations  the  main  auxiliary- 
service  board  will  be  located  in  a 
separate  room  in  the  switch  house  and 
in  still  other  stations  combinations 
occur.  In  general,  the  principle  should 
be  followed  that  a  minimum  amount 
of  wiring  and  a  minimum  number  of 
attendants  should  govern  the  layout, 
but  sight  must  not  be  lost  at  all  times 
of  the  demand  for  service  reliability. 
A  first,  second  and  even  third  line  of 
defense  must  be  provided  for  control 
of  essential  auxiliaries  and  this  may 
involve  both  local  and  centralized  con- 
trol boards.  Also  it  is  essential  that 
metering  be  sufficient  to  obtain  data 
for  maintaining  the  efficiency  of  the 
plant. 

A  general  trend  is  to  make  the 
boiler-room  auxiliary  board  self-con- 
tained with  signals  to  the  main 
electrical  operating  room.  In  the 
turbine  room  the  exciter  boards  are 
located  at  each  unit  for  the  most 
economical  installation.  Turbine- 
room  auxiliary  control  boards  are 
placed  in  a  balcony  or  in  a  separate 
room  in  the  switch  house  with  some 
degree  of  duplicate  and  interlocking 
control  to  the  main  operating  room. 

The  main  switchboards  are  placed 
in  an  operating  room  and,  in  general, 
the  meter  and  protective  panels  for 
the  main  circuits  are  placed  in  this 
same  room.     So  many  differences  in 
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load,  service,  and  design  conditions  are  found  that  each  plant 
becomes  a  special  detailed  study  for  the  location  of  switchboards 
and  the  equipment  to  be  used  on  each  board. 

Any  switchboard  should  be  located,  installed  and  wired  so 
as  to  get  the  simplest  layout  consistent  with  the  necessity  to 


m 


Under    Ceiling     Plan   A- A 


Fig.  162. — Isolated-phase  switch-house  arrangement  in  Calumet  station  of 
the  Commonwealth  Edison  Company,  Chicago,  a.  Simplified  layout  for  basic 
design,  b.  and  c.  Extreme  spacing  and  truck-type  oil  breakers  were  used. 
Similar  apparatus  is  placed  on  one  floor,  d.  Under  ceiling  plan  for  the  three 
floors  of  the  switch  house  as  shown  in  b  and  c. 

localize  trouble,  maintain  service  and  afford  efficient  operation 
under  normal  conditions.  The  first  cost  is  a  minor  item  as  com- 
pared to  the  service  the  switchboard  is  designed  to  render. 
The  modern  switchboard  may  contain  any  or  all  of  the  follow- 
ing types  of  equipment : 
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1.  Indicating. — This  includes  meters,  lamps,  synchroscopes, 
and  relays. 

2.  Control. — This  includes  all  positive  remote-control  devices 
to  operate  oil  breakers,  governors,  auxiliaries,  etc. 

3.  Protective. — This  includes  relays  and  all  apparatus  protec- 
tive devices, 

4.  Signal. — This  includes  annunciator,  telephone,  lamp  and 
other  signals  to  various  parts  of  a  plant. 

5.  Metering. — This  includes  all  graphic  recording  and  inte- 
grating meters. 

The  selection  of  this  equipment  and  its  installation  requires 
care  and  involves  at  best  an  elaborate  layout  for  wiring  circuits. 
Yet  each  small  meter  or  control  wire  must  be  as  reliable  as  any 
other  circuit  in  the  station,  if  efficient  service  is  to  be  rendered 
under  all  circumstances.  The  ideal  switchboard  should  bring  to 
a  focus  or  to  the  attention  of  one  man: 

1.  All  indicating,  control  and  signal  devices  necessary  for  him 
to  ascertain  the  instantaneous  condition  of  the  essential  equip- 
ment in  the  power  house  and  to  locate  trouble  and  isolate  it  with 
a  minimum  delay. 

2.  All  equipment  necessary  to  determine  the  operating  efficiency 
of  a  station  and  sufficient  control  of  equipment  to  maintain 
this  efficiency  under  all  service  conditions. 

It  is  impossible  to  attain  this  ideal  in  a  big  modern  station, 
and  at  best  several  operators  must  be  used  and  several  subswitch- 
boards  and  their  attendants  must  be  rehed  upon  to  act  under 
orders  of  a  chief  operator  or  load  dispatcher.  Also  it  is  necessary 
to  do  a  great  deal  of  efficiency  work  after  the  data  are  obtained. 
In  other  words,  after  a  station  operates  poorly,  data  should  show 
why  and  conditions  can  then  be  remedied,  but  it  is  difficult  to 
keep  all  parts  of  a  station  operating  efficiently  at  the  time  data 
are  made. 

Switchboard  Designs. — A  switchboard  takes  many  forms  but, 
in  general,  there  are  four  classes: 

1.  Vertical-panel  type. 

2.  Bench-board  type. 

3.  Pedestal  type. 

4.  Dead-front  safety  type. 

The  vertical-panel  type  usually  is  made  up  of  three  slate 
sections  and  allocates  to  each  panel  a  machine  or  a  division  of 
a  station.     They  are  used  very  commonly  for  auxiliary-service 
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Fig.  163. 
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switchboards  and  in  low-voltage  stations  for  generator  and 
feeder  service.  The  dead-front  safety  enclosed-truck  type  board 
is  used  for  the  same  service  and  has  become  a  keen  competitor 
in  recent  years. 

The  bench-board  type  of  switchboard  flourishes  in  very  large 
stations  and  as  usually  designed  it  contains  several  panels  and  a 
miniature  layout  of  the  main  station  wiring.  Signal  lamps  and 
control  knobs  are  located  on  the  miniature  wiring  layout  and 
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Fig.  1G4. — Diagrammatic  cross-section  of  bus  and  switching  structures  of  the 
Cahokia  station. 
The  phase  chambers  for  each  main  unit  are  separated  by  concrete  walls  and  intervening 
floors;  the  circuit  breaker  and  disconnect  switch  mechanism  are  on  a  floor  below  the  lowest 
phase  floor;  the  switchboard  control  rooms  for  1.3,800-volt  equipment  and  auxiliary  circuits 
are  close  to  the  main  operating  floors  of  the  station,  which  are  at  grades  +40  and  +20; 
the  auxiliary  circuit  breakers  are  on  the  lowest  operating  floor  convenient  to  the  auxiliaries. 


.4.  Storage  batteries. 

B.  Motor  generator. 

C.  Main  generator  and  feeder  control  room. 

D.  Feeder  board. 

E.  Generator  board. 

F.  Water  supervi.sor's  room. 

//.  Oil  circuit-breaker  mechanisms. 


J.  Generator  neutral  ground  resistor. 

J .  Compensators. 

A'.  Reactors. 

L.  2,300-volt  station  service. 

M .  Oil  circuit-breaker  structure. 

.V.  Compensators. 

R.  Reactors. 


meters  are  placed  on  the  vei'tical  part  of  the  board.  This  type 
of  board  is  very  popular  and  is  easy  to  operate,  but  as  the  com- 
plexity of  control  circuits  and  the  number  of  meters  increase  it 
becomes  of  less  advantage  because  of  the  difficulty  in  instalhng 
wiring,  difficulty  in  testing  and  maintaining  wiring  and  difficulty 
of  finding  space  for  all  meter,  control  and  signal  devices.  Thus 
there  is  a  tendency  toward  the  use  of  subdivided  switchboards  in 


Fig.  163. — Vertical-phase  isolation  in  the  Cahokia  station  of  the  Union  Electric 
Light  and  Power  Company,  St.  Louis. 

This  arrangement  permitted  a  narrow  foundation  (necessitated  by  foundation  difficulties), 
brought  weights  close  to  the  foundation,  minimized  the  superstructure  cost,  reduced  the 
length  of  control  wiring  and  brought  the  control  rooms  in  close  proximity  to  the  operating 
floors.  The  switch  mechanism  is  not  exposed  to  fumes  or  flames  from  ecjuipment  troubles. 
It  is  claimed  the  simplicity  of  arrangement  minimized  construction  and  installation  prob- 
lems, facilitates  inspection  and  test,  and  affords  less  cramped  quarters  than  when  grouped 
phases  are  used.  Each  section  of  each  bus  is  in  a  separate  chamber  that  can  be  ventilated 
by  forced-draft  fan. 
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\a.Tge  stations  in  the  form  of  two  parallel  rows  of  vertical  panels 

or  a  combination  of  a  bench  board  and  a  vertical-panel  board. 

The  pedestal-t>-pe  board  as  first  used  had  a  cluster  of  meters 

at  the  top  and  a  few  control  de\'ices  on  the  pedestal.     It  has 
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Fio.  l-lo. — Arrangements  of  grouped-phase  low-voltage  breaker  compartments. 
(H.  A.  TraxeTi.) 

undergone  great  modifications  and  is  Uttle  used  because  of  its 
inadequacy  for  all  meters,  controls  and  miniature  circuits  now 
required  in  large  installations. 
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Panels  in  switchboards  are  ordinarily  made  of  slate  and  are 
supported  on  angle-iron  or  pipe  frameworks.  The  wiring  is  of 
fireproof  character  and  is  of  the  tA-pe  used  for  remote  control. 
In  other  words,  it  consists  of  miniature  circuits,  fuses,  switching 
and  connecting  devices  and  yet  demands  an  installation  that  will 
be  reUable  and  easily  maintained.  In  the  layout  of  boards,  the 
panels  are  located  in  a  semi-circle  or  sector  of  a  circle  with  a  main 
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Fig.  166. — Various  arrangemenrs  of  fioor-mounting  circuit  breakers  for  high- 
tension  structures  of  22.000  volts  and  upward,  a  shows  an  arrangement  for  a 
one-breaker  single-bus  system  with  disoonnecting  switches  on  either  side  of  the 
breaker  if  desired,  when  a  long  rectangular  space  is  available,  b  shows  an 
arrangement  for  a  one-breaker  single-bus  layout  where  a  wider  space  is  avail- 
able and  thereby  cuts  down  the  total  length  of  the  high-tension  room  by  plac- 
ing the  breakers  in  two  rows,  c  shows  an  arrangement  for  a  one-breaker  double- 
bus  system. 

control  desk  in  the  center.  This  gives  greater  visibihty  to  opera- 
tors and  reduces  the  space  requirements.  In  some  cases  two 
switchboards  will  be  installed  in  the  same  room,  having  operating 
aisles  between  them.  In  these  cases  integrating  and  recording 
meters  and  protective  equipment  are  usually  located  on  the 
vertical  boards  invisible  from  the  main  control  desk  and  essential 
signal  and  indicating  equipment  on  the  bench  boards.  Tj-pes  of 
switchboards  are  shown  in  Figs.  169  to  172. 
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Metering  Equipment.— Metering  equipment  should  be  selected 
for  the  given  plant  on  the  basis  of: 

1.  A  minimum  number  of  meters  to  secure  reliable  operation 
under  all  conditions  without  sacrificing  any  essential  accuracy 
in  economic  operation. 
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Fig.  167. — A  good  arrangement  for  a  large  power  station  uses  a  control  wire  room 
located  under  the  main  switchboard.     The  Philadelphia  Electric  Company. 

2.  Suitability  for  the  type  of  switchboard  attendant  used  in 
the  plant. 

3.  Economy  in  relation  to  switchboard  cost  in  comparison 
with  other  items  of  plant  cost.  Special  instruments  or  delicate 
instruments  are  only  warranted  under  particular  conditions. 

The  following  classification  of  requirements  conforms  to  usual 
practices : 
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a.  Exciter  Panel. — An  ammeter  is  required  to  show  the  heating 
of  the  exciter,  the  division  of  load  between  exciters  or  the  load  on 
each  feeder  from  the  exciter  bus,  A  voltmeter  is  needed  to  show 
the  operating  voltage  conditions  and  to  safeguard  insulation,  to 
obtain  parallel  operation  and  to  be  used  as  a  ground  detector  in 
certain  cases.  A  curve-drawing  ammeter  gives  a  permanent 
record  of  running  condition,  so  that  a  record  is  available  if  acci- 


FiG.  168. — Potential  transformer  compartments  and  connections. 

dents  occur.     Meters  can  be  used  sometimes  to  integrate  excita- 
tion energy  for  use  in  station  economics. 

h.  Main-unit  Panel. — An  alternating-current  ammeter  in 
each  phase  gives  an  indication  of  balance,  phase  heating  and 
division  of  load  in  parallel  machine  operation.  It  also  affords 
power-factor  adjustments  in  parallel  operation.  An  alternating- 
current  voltmeter  gives  an  indication  of  operating  voltages  and 
safeguards  service  potential  and  insulation.  It  is  needed  for 
paralleling,  and  can  be  used  with  compensators  to  determine  the 
voltage  at  any  point  on  a  line. 
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A  field  ammeter  gives  an  indication  of  excitation  conditions, 
the  heating  of  main-unit  fields,  proper  power-factor  adjustments 
and  can  be  used  for  test  purposes. 

Indicating  wattmeters  give  the  actual  power  delivered,  the 
division  of  load  in  parallel  operation,  check  other  meters  on 
load-curve  data,  indicate  power  reversals  and  aid  in  determining 
power  factor.  A  power-factor  meter  shows  the  power-factor 
conditions  and  checks  excitation  in  parallel  operation;  it  also 
serves  to  check  power-factor  determination  from  other  data. 


Fig.  169. — Generator  and  frequency  changer  control  boards  in  Hell  Gate  station 
of  the  United  Electric  Light  and  Power  Company,  New  York. 

A  reactive  volt-ampere  meter  gives  directly  the  wattless  power 
and  checks  the  data  for  determining  power  factor.  It  is  a  better 
indicator  on  small  changes  of  power  factor  than  a  power-factor 
meter  and  gives  a  quantitative  reading  as  compared  to  the  per 
cent  reading  of  a  power-factor  meter. 

A  frequency  indicator  helps  maintain  constant  service  fre- 
quency and  shows  the  point  for  economic  operation.  It  also 
helps  in  synchronizing.  Synchronizing  lamps  and  synchrono- 
scopes  of  some  type  are  needed  in  paralleling  machines.     The 
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recording  type  gives  a  record  and  check  on  station  operation  in 
the  event  careless  operators  cause  trouble. 

An  electro-static  ground  detector  gives  a  continuous  indication 
as  to  grounds  and  can  be  checked  by  ground  lamps.  It  is  better 
than  lamps  in  that  it  indicates  the  magnitude  and  phase  of  a 
ground.  Its  liability  to  error  and  to  give  false  indications  has 
resulted  in  use  of  lamps  also  as  a  check. 

Temperature  indicators  and  recorders  insure  knowledge  of 
operating  conditions,  prevent  trouble  and  give  a  record  of 
machine    internal    conditions.     Curve-drawing    meters    give    a 


Fig.  170. — Feeder  cuiitrol  board  in  Hell  Gate  station. 

permanent  and  visual  record  of  station  performance  and  check 
other  data.  They  also  serve  to  indicate  conditions  at  the  time 
trouble  occurs. 

Integrating  and  totalizing  meters  save  time  and  check  other 
data  and  are  useful  for  obtaining  data  by  which  the  economic 
performance  of  a  station  can  be  determined.  Special  meters, 
such  as  weather  meters,  barometers,  etc.,  are  aids  in  predeter- 
mining service  conditions  so  as  to  adjust  the  loads  on  apparatus. 

The  use  of  three  ammeters  is  preferred  on  three-phase  circuits 
to  using  an  ammeter  switch.  The  number  of  instruments  or 
relays  on  a  given  set  of  instrument  transformers  depends  on  the 
total  load  and  the  accuracy  desired  and  to  some  extent  upon  the 
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service.  A  general  rule  is  never  to  exceed  the  voltage  or  current 
rating  of  the  instrument  transformers.  A  wattmeter  should 
never  be  connected  with  transformers  used  for  differential  protec- 
tion, reverse-energy  relays,  a  compensated  voltmeter  or  a  line- 
drop  compensator. 

The  same  transformers  can  be  used  for  instruments  and  poten- 
tial coils  of  relays,  low-voltage  releases,  etc.,  so  long  as  ratings 
are  not  exceeded.     The  secondary  circuit  and  transformer  and 


Fig.  171.- 


-Relay  board  and  wiring  on  rear  of  instrument  panels, 
delphia  Electric  Company. 


The  Phila- 


instrument  frames  should  always  be  grounded  for  safety  and  for 
removing  electrostatic  charges. 

The  operator  should  observe  a  minimum  number  of  indicating 
instruments,  as  the  tendency  is  for  him  not  to  see  many  meters. 
In  the  event  of  trouble  the  operator  should  be  able  to  touch  imme- 
diately the  control  that  removes  or  isolates  the  trouble.  In 
the  low-tension  parallel-bus  system,  there  are  many  meters  and 
the  operator  cannot  determine  the  source  of  trouble  immediately 
— he  either  goes  out  the  door  or  makes  a  guess  at  control.     Also 
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few  operators  will  adjust  the  excitation  for  best  operation 
between  parallel  machines  and  in  case  of  trouble  the  station  load 
may  be  lost.  If  there  is  no  low-tension  parallel-bus  system  but 
instead  a  high-tension  group-feeder  unit  system  each  unit  is  an 
entity  and  there  is  no  excuse  for  inaccurate  control.  In  the  event 
of  trouble  the  operator  can  directly  control  or  isolate  the  unit  in 
trouble  and  there  is  no  chance  of  losing  the  station  load. 

c.  Auxiliary  Panels. — With   direct-current    auxiliaries  a  field 
ammeter  and  an  armature  ammeter  aid  operation  and  a  recording 
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Fig.  172. — Generator  and  feeder  control  boards  in  one  room. 

meter  serves  to  give  a  record  of  service  conditions  and  data  for 
determining  the  performance  of  the  unit. 

With  alternating-current  auxiliaries  a  recording  watt-hour 
meter  gives  data  for  determining  unit  performance  and  ammeters 
give  indication  of  loads  at  any  instant. 

Meter  and  Instrument  Transformer  Connections. — Since 
alternating-current  circuits  usually  have  a  voltage  of  2,000  volts 
or  more,  it  is  customary  to  make  connections  to  a  large  part  of  all 
measuring  and  controlling  apparatus  through  current  and  volt- 
age transformers.  This  method  of  connecting  has  the  added 
advantage  that  the  measuring  and  controlling  apparatus  need 
not  be  built  for  every  current  and  voltage  capacity.     Instead, 
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they  are  ordinarily  made  to  be  connected  on  the  secondaries  of 
current  and  voltage  transformers,  and  are  then  made  for  a 
standard  voltage  (usually  100  volts)  and  a  standard  current  (usu- 
ally 5  amp.).  The  following  is  a  partial  list  including  the  more 
common  apparatus  that  is  connected  to  current  and  voltage 
transformers : 

With  current  transformers :  With  voltage  transformers : 
Ammeters  Voltmeters 

Wattmeters  Wattmeters 

Watt-hour  meters  Watt-hour  meters 

Power-factor  meters  Power-factor  meters 

Overload  trip  coils  Over-  and  undervoltage  releases 

Relays  '  Relays 

Voltage  compensators  Voltage  compensators 

Voltage-regulating  apparatus  com-         Voltage-regulating  apparatus 

pensated  for  line  drop  Frequency  meters 

Demand  meters  Demand  meters 

Transfer  switches  "  Reactive    kilovolt-ampere    meters 

Synchroscopes,  and  synchronizing 
lamps 

Single -phase  and  Polyphase  Apparatus. — The  apparatus 
listed  in  the  preceding  paragraph  may  be  made  up  of  single-phase 
or  polyphase  elements,  or  some  of  the  apparatus  may  be  mounted 
with  two  or  more  single-phase  elements  in  one  case.  For  poly- 
phase circuits,  wattmeters  and  watt-hour  meters  ordinarily  have 
two  complete  windings  in  one  case  connected  to  a  single  indicating 
pointer  or  recording  mechanism;  power-factor  meters  sometimes 
have  a  polyphase  winding;  overload  relays  and  reverse-energy 
relays  are  sometimes  made  up  of  two  or  three  single-phase  ele- 
ments in  one  unit.  Synchroscopes  have  been  made  with  poly- 
phase windings,  but  for  simplicity  of  construction  and  installation 
it  is  considered  better  practice  to  use  a  single-phase  meter,  even 
on  a  polyphase  circuit,  because  all  the  phases  will  be  in  synchron- 
ism when  one  is  synchronized,  if  the  connections  of  the  primary 
circuit  are  correct.  Ammeters,  voltmeters,  voltage  compensators, 
voltage-regulating  apparatus,  over-  and  undervoltage  relays  and 
frequency  meters  are  essentially  single-phase  apparatus,  and 
when  used  on  polyphase  circuits  they  are  connected  to  only  one 
phase  at  a  time.  Plugging  devices  are  used  to  shift  ammeters 
and  voltmeters  to  the  various  phases  and  sometimes  to  different 
circuits  in  low-voltage  or  small-capacity  plants.  Similarly, 
plugging  devices  are  used  to  connect  a  synchroscope  from  one 
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circuit  to  another,  but  the  connections  are  in  every  case  to  the 
corresponding  phase,  so  that  the  indications  are  the  same  as  if 
all  the  circuits  comprised  a  single-phase  system.  With  proper 
connections,  two-phase  instruments  can  be  applied  to  any  kind 


Fig.  172a. — Arrangement  of  buses  and  switches  in  the  isolated-phase  switch 
house  of  the  400,000-kw.  Kearny  station  of  the  Public  Service  Electric  Power 
Company. 

of  two-  or  quarter-phase  circuit,  and  three-phase  instruments 
can  be  connected  to  any  kind  of  three-  or  sLx-phase  circuit. 

Single-phase  apparatus  can  be  used  on  one  phase  of  any  poly- 
phase circuit  and,  similarly,  polyphase  apparatus  that  consists  of 
two  or  more  single-phase  elements  can  be  used  on  a  single-phase 
circuit.  Thus  single-phase  and  polyphase  wattmeters  can  be 
used  interchangeably,   with  the  proper  connections.     A  poly- 
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phase  wattmeter  on  a  single-phase  circuit  may  have  its  current 
windings  in  series  or  in  parallel,  and  its  voltage  windings  may  be 
in  series  or  in  parallel,  independent  of  the  current  windings;  or 
only  a  single  current  winding  and  the  corresponding  voltage 
winding  may  be  used.  With  any  of  these  connections,  the  rated 
current  and  voltage  of  the  windings  must  be  taken  into  account, 
because  if  the  current  in  the  current  winding  or  the  voltage  across 
the  voltage  winding  far  exceeds  the  corresponding  capacity  of 
the  instrument,  it  may  affect  the  accuracy  of  the  indication,  or 
burn  out  the  instrument.     On  the  other  hand,  if  the  current  or 
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Fig.  173. — Control  room  in  the  Long  Beach  station  of  the  Southern  California 
Edison  Company. 

voltage  is  very  much  below  that  for  which  each  element  is  intended, 
the  accuracy  of  the  indication  is  likely  to  be  less  than  at  the 
rated  capacity. 

When  meters  are  connected  to  a  circuit  on  which  they  were  not 
originally  intended  to  be  used,  the  readings  must  be  interpreted 
with  due  consideration  for  series  and  parallel  connections  of 
windings.  If  the  current  is  divided  equally  between  the  current 
circuits  of  two  meters  connected  in  parallel,  each  meter  receives 
one-half  of  the  total  current  if  the  two  circuits  have  the  same 
resistance  and  reactance.     If  the  current  circuits  are  in  series. 
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each  meter  receives  the  total  current.  This  has  nothing  to  do 
with  increasing  the  impedance  of  the  circuit  by  series  connection, 
or  decreasing  it  by  parallel  connection;  the  impedance  of  the 
current  winding  of  a  meter  is  ordinarily  so  low  that  it  has  practi- 


FiG.  174. 


-Reactor  installation  for  a  13,200-volt  feeder,  the  Philadelphia  Electric 
Company. 


cally  no  effect  on  the  total  current  flowing.     Other  apparatus  in 
the  circuit  controls  the  amount  of  current. 

The  statements  just  made  do  not  apply  to  voltage  circuits  in 
the  same  way,  for  if  the  voltage  circuits  of  two  meters  or  two 
voltage  circuits  of  the  same  meter  are  connected  in  series  the 
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voltage  across  each  is  only  one-half  the  line  voltage  if  the  resist- 
ances and  reactances  of  the  two  are  equal;  but  if  the  voltage 
circuits  are  in  parallel  each  receives  the  full-line  voltage.  Other 
apparatus  on  the  line  has  no  effect  on  the  current  in  the  voltage 
windings  unless  it  affects  the  line  voltage. 

Voltage -transformer  Connections. — It  is  sometimes  possible 
to  omit  one  of  the  three  voltage  transformers  usually  used  on  a 
polyphase  circuit.  This  results  in  saving  not  only  the  cost  of  the 
transformer  but  the  space  that  it  would  occupy  on  the  switch- 
board ;  it  also  saves  the  exciting  current  of  the  extra  transformer. 
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Fig.  175. — Dispatcher's  office  in  the  Philadelphia  Electric  Company. 

In  some  cases  this  saving  introduces  appreciable  errors  in  ratio 
and  phase,  but  ordinarily  such  errors  are  negligible.  One  of  the 
purposes  of  the  following  connections  is  to  save  transformers; 
but  there  are  other  advantages  and  disadvantages  that  will  be 
mentioned,  along  with  the  description  of  each  connection. 
Where  power  transformers  have  secondary  connections  different 
from  the  primary,  the  voltage  transformers  may  have  correspond- 
ing connections,  so  that  when  the  voltage  transformer  primary 
corresponds  to  one  side  of  the  power  transformer,  the  secondary 
corresponds  to  the  other  side.  For  example,  a  bank  of  power 
transformers  have  one  side  Y-connected  to  a  66,000-volt  line, 
and  the  other  side  delta-connected  to  a  2,300-volt  line.  If  the 
voltage  transformer  is  delta-connected  to  the  2,300-volt  Hne  and 
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its  secondary  is  Y-connected,  the  secondary  voltages  are  made 
to  correspond  to  the  phases  of  the  66,000-volt  Hne,  without  the 
high  cost  of  a  66,000-volt  transformer.  It  must  be  remembered, 
however,  that  an  error  is  introduced,  due  to  imperfect  regulation 
of  the  power  transformer  under  varjdng  loads. 

Delta  connection  has  no  advantage  over  the  open  delta,  except 
for  better  regulation.  Usually  the  regulation  is  amply  good,  so 
that  the  delta  is  hardly  ever  used  in  practice.  Sometimes  it  is 
desired  to  obtain  not  only  the  three  voltages  between  lines,  but 
also  the  voltages  in  phase  with  the  voltages  to  neutral — all  from 


Fig. 


176. — Unique  waj'  of  taking  66,000-volt  lines  from  the  interior  of  Colfax 
station  of  the  Duquesne  Light  Company. 


the  same  three  transformers.  This  can  be  accomplished  in 
several  ways  with  different  connections.  With  delta-connected 
transformers  it  is  accomplished  by  bringing  out  50  per  cent  taps 
on  the  transformer  secondaries.  The  second  set  of  voltages  is 
obtained  by  connecting  from  each  corner  of  the  delta  to  the 
middle  of  the  opposite  side.  They  are  86.6  per  cent  of  the  Hne 
voltage,  if  the  three-line  voltages  are  equal. 

V  or  open-delta  connection  is  the  one  almost  universally  used  on 
three-phase  three-wire  circuits.  In  practice  the  voltages  to  neu- 
tral are  rarely  measured,  and  the  voltages  between  lines  are 
obtained  with  as  great  accuracy  as  is  ordinarily  required.     While 
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the  regulation  is  not  quite  so  good  as  with  the  delta  connection, 
it  is  good  enough  because  the  load  on  a  voltage  transformer  is 
constant  and  usually  small.  Two  voltages  in  phase  with  volt- 
ages to  neutral  can  be  obtained  as  with  the  delta  connection, 
by  bringing  out  50  per  cent  taps  and  connecting  from  the  outer 
end  of  one  transformer  to  the  middle  of  the  other. 

Y-connection  is  used  on  three-phase  four-wire  circuits  where 
the  three  voltages  to  the  neutral  wire  are  to  be  measured  accu- 
rately. Such  a  connection  is  not  satisfactory  on  a  three-wire 
ungrounded  system,  unless  the  three  transformers  take  the  same 
exciting  currents  when  their  voltages  are  equal.  If  any  one  of 
the  three  exciting  currents  is  different,  the  three  voltages  to 
neutral  will  not  be  accurate. 

Y-to-delta-  or  deUa-to-Y-con7iected  shifts  the  phases  by  30  deg., 
if  the  voltages  are  balanced.  The  F-to-delta  connection  makes 
the  secondary  voltage  l/\/3  of  what  it  would  be  with  Y  to  Y  or 
delta  to  delta.  The  delta  to  Y  makes  the  secondary  voltage '\/3 
times  what  it  would  be  with  Y  to  Y  or  delta  to  delta.  Such  a 
connection  may  be  used  in  the  manner  mentioned  above  to 
correspond  to  the  difference  between  the  high-  and  low-tension 
sides  of  a  power  transformer. 

V-connection  to  neutral,  or  open  Y-connection  is  used  on  three- 
phase  four-wire  circuits  where  only  two  voltages  to  neutral  are 
required.  This  is  used  with  a  polyphase  wattmeter  and  some 
other  instruments.  The  two  secondary  voltages  are  30  deg.  from 
the  voltages  with  the  open-delta  connection.  If  the  secondary 
connections  of  one  transformer  are  reversed  the  resultant  voltage 
across  the  two  secondaries  is  in  phase  with  the  primary  voltage 
from  the  third  line  to  neutral  (assuming  balanced  voltage). 

T-connection  is  used  on  three-phase  circuits  where  it  is  desired 
to  bring  out  an  artificial  neutral.  It  can  also  be  used  for  changing 
from  two  to  three  phase,  or  from  three  to  two  phase,  to  corre- 
spond to  the  connections  of  power  transformers. 

Reversed  V-connection  is  the  same  as  the  V-connection,  with 
one  of  the  secondaries  reversed.  Two  of  the  voltages  are  the 
same  as  with  the  V-connection,  and  the  third  is  the  geometric 
difference,  instead  of  the  geometric  sum  of  the  two.  If  the  volt- 
ages of  the  line  are  balanced,  the  third  secondary  voltage  is  in 
phase  with  the  voltage  to  neutral,  from  the  line  that  is  common 
to  the  other  two  voltages.  That  is,  if  one  transformer  is  across 
AB  and  one  across  BC  the  third  voltage  is  in  phase  with  B  to 
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neutral  voltage.  It  is  \/3  times  the  secondary  voltage  of  either 
transformer,  or  three  times  the  voltage  from  any  corner  of  the 
secondary  delta  to  the  secondary  neutral. 

Current-transformer  Connections. — The  number  of  current 
transformers  can  frequently  be  reduced  by  making  connections 
to  the  best  advantage.  This  and  other  considerations  make  it 
important  to  see  that  the  best  arrangement  is  utilized  for  each 
individual  case. 

Delta  Connection. — The  current  from  each  lead  is  from  the 
incoming  end  of  one  transformer  and  the  outgoing  end  of  another. 
If  the  load  is  balanced,  the  total  current  is  30  deg.  out  of  phase 
with  that  in  one  hne,  and  \/3  times  the  line  current.  This 
connection  may  be  used  (1)  with  a  polyphase  wattmeter  on  a 
three-phase  four- wire  circuit;  (2)  where  current  transformers  are 
connected  into  the  primary  circuit  inside  a  delta  load  or  inside 
the  delta  of  a  bank  of  transformers,  to  determine  the  total  current 
in  the  line;  and  (3)  in  several  other  cases  that  need  not  be 
enumerated  here. 

Y-connection  is  used  on  three-phase  four-wire  circuits  where  it 
is  required  to  measure  the  current  in  each  of  the  primary  lines. 
The  current  in  the  neutral  can  be  measured  also,  as  it  is  propor- 
tional to  the  current  returning  in  the  common  line  of  the  three 
transformers. 

Open-delta  or  V-connection  has  the  common  line  connected  to 
the  incoming  end  of  one  transformer,  and  the  outgoing  end  of  the 
other.  As  with  the  delta  connection,  with  a  balanced  load, 
the  current  in  the  common  line  of  the  secoiidary  is  -y/S  times 
the  current  in  either  of  the  other  secondary  hnes,  and  30  deg.  out 
of  phase  with  either  one.  It  is,  therefore,  in  phase  with  the  voltage 
between  the  two  hnes  in  which  the  transformers  are  connected. 
This  fact  is  sometimes  important  where  single-phase  apparatus 
is  to  be  connected  to  a  three-phase  circuit  to  indicate  the  condi- 
tion of  the  entire  circuit.  A  single-phase  wattmeter  with  its 
current  winding  in  the  common  line  and  with  its  voltage  winding 
connected  between  the  two  lines  having  current  transformers  will 
indicate  the  total  power  correctly  at  all  power  factors  if  the  load 
is  balanced.  A  single-phase  power-factor  meter  with  the  same 
connections  will  indicate  power  factor  correctly  on  balanced  load. 
A  voltage  compensator  with  its  current  element  in  the  common 
line  will  make  compensation  for  line  drop  in  the  two  lines  having 
current  transformers. 
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Reversed  V-connection  is  the  most  common  connection  of 
current  transformers.  The  currents  in  the  three  secondaries  are 
proportional  to  the  three  primary  currents,  in  case  of  a  three- 
wire  circuit.  With  such  a  circuit  this  connection  is  suitable  for 
one  or  three  ammeters  or  ammeter  receptacles,  two  or  three 
single-phase  or  one  polyphase  wattmeter,  a  polyphase  power- 
factor  meter  and  other  apparatus.  It  is  suitable  for  use  with  two 
overload  relays  or  other  overload  protective  apparatus  if  the 
Z-connection  is  not  considered  necessary. 

Z -connection  is  the  same  as  the  delta  connection  with  the  leads 
to  one  of  the  transformers  reversed.  The  reversed  transformer 
may  be  any  one  of  the  three.  This  connection  is  used  for  pro- 
tecting circuits  against  overload  where  there  is  danger  of  short 
circuit  due  to  grounding  any  one  of  the  three  lines  of  the  primary. 
It  is  true  in  this  case  as  with  the  reversed  V-connection  that  if 
corresponding  ends  of  the  secondaries  of  transformers  in  two  lines 
are  connected  to  a  common  return  the  current  in  the  return  wire 
is  proportional  to  the  primary  current  in  the  third  line.  Thus 
if  the  outgoing  ends  of  transformers  on  A  and  B  are  connected  to 
the  common  line  the  resultant  secondary  current  is  proportional 
to  the  current  in  C  provided  there  is  no  ground.  Similarly,  the 
common  line  connecting  to  corresponding  ends  of  B  and  C  carries 
a  current  proportional  to  the  primary  current  in  ^.  If  one 
single-phase  relay  is  connected  to  the  common  line  to  transform- 
ers A  and  B,  and  one  to  the  common  line  for  transformers  B  and  C 
they  will  offer  the  same  protection  as  if  there  were  only  two  trans- 
formers with  a  reversed  V-connection,  if  there  is  no  ground. 
Instead  of  this  connection  the  Y-connection  is  sometimes  used 
with  three  relays.  The  principal  disadvantage  of  this  is  in  the 
cost  of  providing  the  additional  relay.  There  is  no  advantage  in 
using  three  Z-connected  transformers  instead  of  two  reversed  V- 
connected,  unless  there  is  danger  of  ground;  but  if  any  one  of  the 
lines  is  grounded  and  carries  an  excessive  current,  it  will  operate 
one  or  both  of  the  relays  with  the  Z-connection,  whereas  only 
two  of  the  lines  are  thus  protected  by  the  reversed  V-connection. 

Meter  and  Relays  Connected  to  Transformers. — One  of  the 
most  common  ways  of  connecting  meters  and  relays  to  a  three- 
phase  circuit  is  as  follows :  The  two  current  transformers  for  the 
meters  have  a  reversed  V-connection.  A  polyphase  wattmeter 
or  watt-hour  meter  is  permanently  connected  to  the  current 
transformers,  and  ammeters  are  arranged  to  read  the  current  in 
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each  of  the  phases  or,  by  means  of  a  phig  and  receptacles,  one 
ammeter  may  be  used.  The  voltage  transformers  are  V-con- 
nected,  and  the  wattmeter  and  reverse-energy  relays  are  perma- 
nently connected  to  them.  A  voltmeter  is  connected  to  a 
voltmeter  receptacle,  so  that  it  can  be  plugged  across  any  two 
lines.  Two  overload  or  reverse-energy  relays  are  connected  to  a  set 
of  three  Z-connected  current  transformers.  It  would  be  possible 
to  use  the  same  current  transformers  for  the  meters  and  the 
relays,  but  the  impedance  of  the  relays  is  usually  so  high  that 
under  some  conditions  it  would  introduce  serious  errors  in  the 
meter  indications  if  the  meters  were  on  the  same  current  trans- 
formers. The  relay  contacts  are  connected  across  the  direct- 
current  control  circuit  in  series  with  the  circuit-breaker  trip  coil. 
The  connections  that  are  used  in  any  case  must  depend  on  the 
specific  requirements.  The  following  are  cases  of  modifying 
the  foregoing  connections: 

1.  If  a  rather  large  error  is  allowable  in  meter  indication,  the 
meters  can  be  connected  to  the  same  transformers  that  are  used 
with  the  relays. 

2.  If  there  is  no  danger  from  grounding,  it  is  unnecessary  to 
add  the  third  of  the  Z-connected  transformers  for  the  relays. 

3.  If  there  is  no  direct-current  control  circuit  available,  the 
relays  and  circuit-breaker  trip  coil  may  be  constructed  to  take 
care  of  this  condition;  the  trip  coils  should  then  be  wound  with 
as  low  impedance  as  possible,  to  operate  from  the  secondary  cur- 
rent of  the  current  transformers.  The  relay  is  made  so  that  in 
case  of  overload  its  contact  is  opened  instead  of  closed.  The 
current  transformers  are  connected  so  that  with  normal  opera- 
tion their  currents  flow  through  the  relay  coils,  through  the  relay 
contacts  and  back  to  the  current  transformers.  There  are  two 
circuit-breaker  trip  coils  instead  of  one,  and  each  is  connected  in 
parallel  with  the  contact  of  one  of  the  relays,  so  that,  in  case  of 
overload,  when  the  relay  contact  is  opened  the  current  is  forced 
through  the  coil. 

4.  Three  ammeters  may  be  required  for  convenience  in  reading, 
instead  of  one  ammeter  and  three  receptacles. 

5.  The  voltmeter  receptacle  may  be  connected  so  that  when  the 
plug  is  in  the  left-hand  position  the  voltmeter  indicates  the 
voltage  on  one  side  of  the  circuit  breaker,  and  in  the  right-hand 
position  it  indicates  the  voltage  on  the  other  side.     These  volt- 
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ages  are  usually  on  different  phases,  so  that  when  the  breaker  is 
closed  the  voltmeter  will  indicate  any  of  the  three-phase  voltages. 

6.  An  additional  voltmeter  may  be  connected  to  the  other  side 
of  the  circuit  breaker  instead  of  plugging  one  voltmeter  first  on 
one  side  and  then  on  the  other.  For  example,  if  the  circuit  under 
consideration  connects  a  generator  to  a  three-phase  bus  (and 
there  are  several  such  generator  circuits)  one  voltmeter  may  be 
connected  to  plug  across  one  phase  of  any  of  the  generators. 

7.  A  power-factor  meter  or  reactive  power  meter  may  be  added 
in  series  with  either  set  of  transformers. 

8.  If  a  three-phase  circuit  has  a  neutral  wire,  or  the  neutral  is 
grounded  without  resistance,  the  wattmeter  current  circuits 
should  be  connected  to  delta-connected  current  transformers, 
and  the  voltage  transformers  should  be  connected  in  V  to  neutral. 
This  connection  takes  account  of  current  that  might  otherwise 
flow  in  the  B  line  and  return  in  the  neutral. 

9.  A  single-phase  three-wire  circuit  may  have  connections 
almost  the  same.  The  current  transformers  for  the  relays  would 
not  be  Z-connected  in  this  case. 

10.  On  a  single-phase  three-wire  circuit  a  polyphase  wattmeter 
would  usually  be  replaced  by  a  single  phase,  and  the  current 
transformer  connections  would  be  changed.  Either  a  single 
transformer  with  two  primaries  and  one  secondary  would  be  used, 
or  the  two  transformers  would  have  their  connections  modified 
so  that  a  current  on  either  outside  line  would  have  the  same  effect 
on  the  wattmeter.  When  the  ammeter  is  inserted  in  the  common 
line  it  indicates  the  current  in  the  neutral  wire.  If  one  of  the 
transformers  were  reversed  so  that  a  single-phase  wattmeter  would 
totalize  the  power,  an  ammeter  in  the  common  line  would  totalize 
the  current. 

Special  Connections. — When  using  reverse-energy  relays  on 
delta  or  Y  ungrounded  circuits  a  three-pole  or  polyphase  induction 
type  relay  can  be  used  with  two  current  and  two  potential  trans- 
formers. The  third  element  in  the  relay  carries  the  resultant 
current  and  the  open-delta  voltage  and  compensates  for  phase 
unbalancing  and  is  somewhat  better  than  three  single-phase 
relays.  But  for  grounded  systems  this  connection  does  not  afford 
complete  protection. 

Interconnection  or  interlocking  of  relays  of  the  pilot-wire, 
differential  or  reverse-energy  types  is  a  specific  problem  for  each 
installation.     High-tension   series   overload   relays,   overvoltage 
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relays,  low-voltage  relays,  underload  relays,  control  relays,  signal 
relays  are  other  special  relay  applications  to  specific  conditions. 
Energy  for  Operating  Switchboard  Equipment. — The  usual 
meter-type  current  transformer  is  designed  for  a  rating  of  50 
volt-amp.  with  compensation  for  loads  from  25  to  40  amp.,  so 
that  the  ratio  error  in  this  range  is  small.  The  meter-type  poten- 
tial transformer  is  rated  at  20  volt-amp.  with  compensation  for 
loads  between  15  and  30  volt-amp.  As  many  switchboard  meters 
have  been  introduced  and  used,  it  becomes  necessary  to  use  care 
in  using  instruments  with  standard  transformers  to  the  extent  that 
they  are  overloaded  with  consequent  ratio  and  phase-angle  errors. 
The  following  table  ■•  shows  some  representative  switchboard 
meters  and  the  data  concerning  their  use  with  instrument 
transformers : 


Table  XXXVIII. — Normal  Ratings  and  Duty  of  Switchboard 

Equipment 


Type 


25  cycles    60  cycles 


EI      W     EI      W 


Voltage 


25  cycles 


60  cycle 


Ammeter 

Ammeter 

Graph,  ammeter 

Graph,  ammeter 

Voltmeter 

Graph,  voltmeter 

Graph,  voltmeter 

Wattmeter 

Graph,  wattmeter 

Graph.  WM.  control  circuit 

Watt-hour  meter 

Power-factor  meter 

Graph,  power-factor  meter 

Reactive-factor  meter 

Graph,  reactive-factor  meter. . . . 

Frequency  meter 

Graph,  frequency  meter 

Overload  relay 

Reverse-power  relay 

Circuit-breaker  trip 

Circuit-breaker  trip 

Circuit-breaker  low-voltage  coil 

Direct  trip  relay 

Direct  trip  relay 

Voltage-regulating  solenoid 

Low-voltage  relay 


Induction 

Solenoid 

Relay 

Solenoid 

Induction 

Relay 

Solenoid 

Switchboard 

Relay 

Relay 

Switchboard 

Iron  vane 

Relay 

Sa 
Induction 
Relay 
Induction 
Induction 
Light-pull 
Heavy-pull 


8.0 
10.0 
16.0 


10.9 
14.5 
31.7 
7.6 
9.7 
36.0 
12.3 
13.3 
13.3 


9.7 
15.5 
28.0 

6.65 

9.7 
24.0 

1.6 
12.1 
12.1 


Same  as  power-factor  meter 
ne  as  graph,  power-factor  meter 


16.0 
18.0 

18.8 
32.0 


20.0 
20.0 


9.6 
11.0 


17.0 
17.0 
42.5 
65.0 


10.0 
35.0 


8.5 
10.0 


24.0 
42.0 


60.0 
13.3 


18.0 
30.0 


48.0 
12.1 


9.7 
14.5 
28.0 

6.65 


18.0 
30.0 


48.0 
12.1 


Electric  Journal,  January,  1920. 
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Relays. — In  its  broadest  sense  a  relay  is  an  auxiliary  device 
which,  on  the  occurrence  of  some  specified  predetermined  condi- 
tion in  an  electrical  circuit,  will  operate  and  transmit  its  action 
to  another  independent  piece  of  apparatus.  The  modern  idea 
of  relays  is  to  use  a  relay  to  secure  continuity  of  service,  to  protect 
against  loss  of  synchronous  load  and,  by  selective  time  elements, 
etc.,  to  disconnect  only  such  positions  of  circuits  as  are  in  trouble. 
In  order  to  determine  the  settings  for  the  relays  in  a  system,  the 
following  general  data  should  be  known: 

1.  The  instantaneous  short  circuit  in  each  conductor. 

2.  The  sustained  short-circuit  current. 

3.  The  time  in  changing  from  circuit  1  to  2. 

4.  The  time  required  for  the  various  automatic  breakers  to 
open  after  current  is  applied  to  their  coils. 

5.  The  safe  circuit-opening  capacities  of  the  various  breakers. 

6.  The  time  characteristics  of  the  various  relays. 

7.  The  probability  and  amount  of  reversal  of  energy  flow  in  the 
case  of  parallel  circuits. 

The  time  element  of  relays  is  of  more  importance  than  the 
current  setting,  as  in  short  circuit  the  current  setting  may  be 
exceeded  several  hundred  per  cent. 

In  its  mechanical  make-up  a  relay  consists  of  (1)  a  coil  or  a 
system  of  coils  connected  in  series  or  parallel  to  the  circuit  which 
it  controls;  or  in  series  or  in  parallel  with  the  secondaries  of 
current  or  voltage  transformers;  (2)  a  contact  device;  (3)  a 
secondary  operating  circuit. 

Under  equal  conditions  a  circuit-closing  device  is  better  than 
a  circuit-opening  because  it  makes  contact  with  the  whole  force 
of  the  moving  part  while  the  circuit-opening  relay,  particularly 
if  the  opening  is  slow,  may  give  trouble  due  to  pitting  and  arcing 
at  contacts. 

In  general,  the  overload  alternating-current  relays  may  be 
divided  into  three  characteristic  divisions: 

1.  According  to  the  contact  device  which,  when  responding  to 
the  impulses  of  the  system,  makes  or  breaks  contact. 

2.  According  to  the  time  elapsing  between  the  occurrence  of 
the  disturbance  and  the  operation  of  the  contact  device. 

3.  According  to  the  nature  of  the  disturbance,  its  magnitude 
or  the  direction  of  energy  flow. 

Relays  may  be  instantaneous,  definite-time  limit  and  inverse- 
time  limit.     With  instantaneous  relays  the  contact  device  will 
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operate  immediately  when  the  disturbance  occurs.  With  inverse- 
time-limit  relays  there  will  be  a  delay  in  the  relay  operation 
inversely  proportional  to  the  magnitude  of  the  disturbance.  With 
definite-time-limit  relays  the  operation  occurs  only  after  a  definite 
time  has  elapsed. 

Practically  all  modern  relays  introduce  a  magnetic  drag  effect 
to  secure  the  time  element  and  in  principle  are  built  similar  to 
induction-type  watt-hour  meters.  Some  thermal  relays  are 
used  but  they  play  but  little  part  in  power  plant  installations. 

Most  power  plant  switchboard  relays  are  contact  making  and 
the  contact  device  utilizes  a  direct-current  circuit  to  carry  out  the 
protective  operations  required  in  time  of  trouble.  A  very  large 
number  of  relays  are  available  and  the  choice  depends  on  the 
protective  system  selected.  A  trend  in  relay  design  is  to  build 
them  so  they  indicate  they  are  energized  and  ready  for  work  at 
all  times  because  correct  relay  operation  is  the  one  big  essential 
to  good  service  in  modern  stations. 

The  relays  in  a  power  station  are  located  on  switchboard  panels 
in  most  cases  and  the  control  wiring  for  relays  becomes  as  complex 
as  that  required  for  metering  equipment. 
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composition    and    heat    value    of 
U.  S.,  60 

consumption  of,  9 
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purchase,  49 
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Control  systems,  281 
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Chahoki  Station,  45 
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Curve,  load,  16 
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Ferranti,  84 
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make  up,  122 
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coal,  47 
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United  States,  60 
gas,  49 

handling  oil  and  gas,  65 
oil,  49 
pulverized,  bin  system  for,  59 
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Grounds,  layout  of,  46 
Grouped  phases,  285 
Growth,  future  of  power,  12 

H 

Heat  balance  systems,  116 
Heat,  interchanger,  26 

level,  26 

line,  26 

stream  in  modern  stations,   85 

value  of  United  States  coals,  60 
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13 
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thermal  properties  of,  171 
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O 


Oil  cooler,  132 

fuel,  49 
Output,  net,  25 


Parallel  alternators,  259 
Phase  isolation,  28 
Phases,  grouped,  285 
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power,  classification  of,  242 
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performance  of,  90,  100 
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Steam  cycles,  theoretical  efficiency 
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Steam,    theoretical    possibilities   of 
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thermal  efficiency  in  practice,  75 

trends  in  practice,  73 
Steaming  factor,  boilerfe,  25 
Stoker  drives,  167 

settings,  51,  53 
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Superheaters,  163 

tests  of,  165 
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Switchboard  connections,  242 

designs,  297 

equipment,  ratings,  320 
Switchboards,  294 
Synchroscope,  270 

connections,  242 
Systems,  control,  281 
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Thermal  efficiency  of  modern  sta- 
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details  for,  191 
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